Aus der medizinischen Klinik mit Schwerpunkt Rheumatologie und klinische
Immunologie
der Medizinischen Fakultat Charité — Universitatsmedizin Berlin

DISSERTATION

Influence of megakaryocytes and megakaryocytopoiesis on plasma cell survival

Zur Erlangung des akademischen Grades
Doctor medicinae (Dr. med.)

vorgelegt der Medizinischen Fakultat
Charité — Universitatsmedizin Berlin

von

Nam Matthias Ly

aus Herten

Datum der Promotion: 02.03.2018



For Margo and Michelle

Living is easy with eyes closed
Misunderstanding all you see
It's getting hard to be someone
But it all works out

It doesn't matter much to me

John Lennon — Strawberry Fields Forever



Abstract

Introduction: Autoimmune diseases like SLE are associated with pathogenic
antibodies and malignant neoplasms such as multiple myeloma with abnormal PCs. In
both cases, pathogenesis can be related to LLPCs, which require a specific
microenvironment composed of stromal cells, haematopoietic stem cells and cytokines.
MKs constitute an important niche component as major sources of APRIL and IL-6.
TPO is the crucial growth factor for MKs and c-mpl, its receptor. Thus, alterations in
megakaryopoiesis can change survival conditions for LLPCs in the niche. Our group
found an SNP in the crucial TPO binding domain of c-mpl in SLE-prone mice, and the
first part of this thesis aimed to find evidence for a similar mutation in SLE patients. The
second part evaluated the effect of selected HNCs in co-culture with murine MM cells.
Methods: Genomic DNA from 40 SLE patients and 15 healthy donors was submitted
for gene sequencing after target DNA was amplified. Cell lysates of megakaryocytes
from SLE-prone mice were examined with ELISA for increased Akt phosphorylation
downstream of c-mpl. The second part involved co-culture of a murine MM cell line with
selected primary HNCs. After determining optimal cell confluence at which MOPCs
depend on external growth factors, the number of MKs available for seeding was
improved by combination of BM culture, BSA density gradient, staining of surface
markers and manual cell separation using magnetic immunobeads.

Results: There was no evidence for a corresponding SNP in samples extracted from
SLE patients, not sufficient proof for increased activation of Akt downstream signalling.
Co-culture of megakaryocytes demonstrated that MKs support growth and survival of
MOPC during nutrient deprivation. The same effect was observed for granulocytes,
however not to the same extent. It was also confirmed that the expression profile of
CD138 is a potential marker of very early apoptosis.

Discussion: Results from the co-culture experiments confirm that MKs have a pivotal
influence on PC survival. Extraction of sufficient numbers of MKs proved to be the most
challenging aspect of these series of experiments and future studies should aim to
optimize efficiency of cell recovery further. Granulocytes also showed a positive effect
on PC survival; subsequent research should focus on the examination of distinct
subpopulations, including eosinophils and basophils. As several factors are involved in
the multi-component survival niche, there is a plethora of prospective therapeutic
strategies for the treatment of autoimmune or malignant diseases linked with LLPCs.
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Abstrakt

Einleitung: Autoimmunerkrankungen wie SLE sind durch pathogene Antikorper und
bosartige Neubildungen wie das multiple Myelom durch abnormale PCs charakterisiert,
deren Persistenz auf langlebige Plasmazellen zuruckgefuhrt werden kann. Letztere
bendtigen ein spezifisches Milieu aus Stromazellen, hamatopoetischen Stammzellen
und Zytokinen. MKs stellen eine wichtige Komponente dieser Uberlebensnische dar.
TPO ist der essenzielle Wachstumsfaktor fur MKs und c-mpl sein Rezeptor.
Veranderungen in der Megakaryopoese kénnen die Uberlebensbedingungen fiir LLPCs
in der Nische beeinflussen. Unsere Arbeitsgruppe hat einen SNP in der essenziellen
Bindungsdoméane von c-mpl in einem SLE Mausmodell gefunden und der erste Teil
dieser Arbeit beabsichtigt, eine ahnliche Mutation in SLE Patienten zu finden. Der
zweite Teil beurteilt den Effekt von HNCs in Co-Kultur mit murinen Plasmozytomzellen.
Methodik: Genomische DNA von 40 SLE Patienten wurde isoliert, sequenziert und mit
DNA von 15 gesunden Probanden verglichen. MKs aus einem SLE Mausmodell wurden
anhand von ELISA auf erhohte Akt Phosphorylierung downstream von c-mpl
untersucht. Im Folgenden wurden murine MM Zellen mit ausgewahlten HNCs kultiviert.
Nach Bestimmung der optimalen Zelldichte wurde die Anzahl verfugbarer MKs durch
Knochenmarkskultur, BSA Dichte Gradienten, Farbung von Zelltypmarkern und
magnetischer Zelltrennung optimiert.

Ergebnisse: Es gab keinen Anhalt fur einen entsprechenden SNP in den gewonnenen
Proben, eine vermehrte Aktivierung der Akt Signalkaskade konnte nicht eindeutig belegt
werden. Co-Kultur von MKs zeigte, dass diese Wachstum und insbesondere Uberleben
von MOPCs unter suboptimalen Bedingungen unterstutzen. Ein ahnlicher Effekt wurde
auch fur Granulozyten beobachtet. Des Weiteren bestatigte sich auch die Rolle von
CD138 als maglichen Indikator fur sehr frihe Apoptose.

Diskussion: Die Ergebnisse der Co-Kulturen bestatigten, dass MKs einen
bedeutenden Einfluss auf das Uberleben von Plasmazellen haben. Die Isolation von
MKSs in ausreichenden Zahlen war eines der anspruchsvollsten Aspekte dieser Arbeit
und sollte in zukunftigen Studien weiter optimiert werden. Granulozyten zeigten ebenso
einen positiven Effekt, nachfolgende Arbeiten sollten sich auch auf Unterpopulationen
wie Eosinophile oder Basophile konzentrieren. Da mehrere Faktoren die
Uberlebensnische beeinflussen, gibt es eine Fiille an méglichen neuen Optionen fir die
Behandlung von LLPC-assoziierten autoimmunen oder neoplastischen Erkrankungen.
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1. Introduction

1.1 The Immune System and Humoral Immunity

The immune system plays a crucial role in defending its host organism against
pathogenic microorganisms and can be divided into two main components: the innate
and the adaptive immune system. Working in synergy, the innate immune system
confers an immediate and unspecific first-line defence against many common bacterial
pathogens, while the adaptive immune system offers a highly specific yet time-delayed
response to a wide variety of infectious agents. This second reaction is mediated by B
and T lymphocytes and depends on the presentation of antigens by appropriate effector
cells. Humoral immunity is irrefutably linked to the activity of antibodies which are
produced by plasma cells, the latter representing the final developmental step in B cell

maturation (1).
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Figure 1: Stages in B Cell Development (2)

In adults, B cells originate from haematopoietic stem cells in the bone marrow. Somatic
recombination of light and heavy immunoglobulin (Ig) chains eventually gives rise to an
immature B cell, which expresses IgM on its cell surface. Further development
continues with a transitional B cell that carries both IgM and IgD on its membrane.
Subsequently, naive but immunocompetent B cells can be stimulated by contact with
antigen within the periphery, which differentiate into memory B cells or plasma cells.
The latter are terminally differentiated, can no longer undergo cell division and are

functionally distinct as antibody-producing cells. During their maturation, the levels of



several cell surface molecules are modified, allowing the identification of distinct
subsets of B cell development based on the customary pattern of their respective
membrane markers. By means of flow cytometry, plasma cells can be selected due to
an increased expression of CD138 (Syndecan-1), CD9, CXCR4 and BLIMP-1, whereas
surface molecules such as MHC I, B220, membrane-bound IgM and IgD, CD19, CD20

and CD40 that are typical for their precursor B cells are down-regulated (3).

Plasma cells and plasma blasts are functionally distinct from other cells in the B cell
lineage due to their ability to secrete antibodies in the form of soluble immunoglobulin
proteins. Certain antibody responses, e.g. levels of protective antibodies after
vaccination, can be sustained for years and even decades after antigen stimulation (4)
despite the short circulatory half-life of immunoglobulin of less than one week (5). It was
thus assumed that stable antibody titres were dependent on continuous production and
secretion by plasma cells. However, since the latter were also thought to be intrinsically
short-lived with a projected survival span between days (6) and weeks (7), this in turn

implied a continuous replenishment of plasma cells from a pool of memory B cells.

Evidence pointing towards a population of long-lived plasma cells (LLPCs), which were
first mentioned by Manz (8) and Slifka (9) in the early 1990s, provided a new conceptual
approach to explaining the persistence of stable antibody titres and it was even
suggested that these could have a lifespan that could potentially extend to the natural
lifetime of the individual host (9, 10). However, LLPCs are not intrinsically long-lived but
require a specific microenvironment with anti-apoptotic signals to maintain their
longevity. These so-called survival niches consist of multiple components, with non-
haematopoietic stromal cells and haematopoietic stem cells providing a basic
framework as well as producing and secreting cytokines that promote migration and
support the survival of LLPCs within their niche (2).

For this reason, any changes regarding the factors governing the survival of plasma
cells, in particular long-lived ones, can have a crucial impact on the pathogenesis of
diseases that are defined by the pathological production of antibodies, e.g. autoreactive
antibodies in systemic lupus erythematosus (SLE) or excessive, malignant plasma cells
as in multiple myeloma (MM), both of which will be further discussed in the following

sections.



1.2 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that commonly
affects multiple organs and tissues such as the kidneys, heart, skin, joints and the
nervous system and is characterized by an inappropriate response of the adaptive
immune system to autologous antigens. Given the wide range of associated symptoms,
the American College of Rheumatology established several criteria that should help
make or exclude the diagnosis of SLE, including clinical symptoms such as discoid
rashes, photosensitivity, arthritis and nephritis, but also including laboratory evidence in
the form of lupus-specific antibodies such as anti-double-stranded DNA (anti-dsDNA),
anti-phospholipids or anti-nucleosomes (11). Approximately 35 genes have been
associated with SLE, however, alterations in multiple genes are needed to significantly
increase the risk of developing the disease (12) and genes that are most notably
affected have an immunoregulatory function (13). Other possible pathogenic influences
include epigenetic modulation, viral infections and environmental factors such as
exposure to tobacco smoke during pregnancy (14). Gender also plays a major part in
determining the risk of developing SLE with the female-male ratio for SLE prevalence as
high as 10:1 between the ages of 20-30. There is also evidence for epidemiological
variations between ethnic groups, such as African-Americans, Asians and Hispanics
who are more commonly affected than others (15).

Circulating immune complexes and antibody-antigen complexes are thought to be
responsible for most clinical manifestations of systemic lupus erythematosus. One
proposed mechanism for the production of auto-reactive antibodies in SLE is that
defective apoptosis and impaired clearing of cellular fragments causes a wide variety of
auto-antigens to be exposed and become available as a target for auto-reactive
lymphocytes (16). While over 100 different autoantibodies have been associated with
SLE (17), certain anti-nuclear antibodies such as anti-dsDNA and anti-Smith antibodies
correlate with progression and clinical activity of the disease (18) and are widely used
as standard diagnostic markers. As plasma cells exclusively produce and secrete
antibodies, they are naturally implicated in the pathogenesis of SLE and represent
suitable targets for immunosuppressive treatment. High doses of cyclophosphamide or
steroids are usually able to successfully manage a flare-up of disease activity by



purging plasmablasts and plasma cells and thereby decreasing the number of

circulating anti-dsDNA antibodies for a number of patients.

1.2.1 Long-Lived Plasma Cells in SLE

Nonetheless, certain autoantibodies persist in SLE despite aggressive
immunosuppressive treatment, suggesting the existence of a population of non-
proliferating, long-lived plasma cells that are resistant to treatment and can continue to

maintain stable antibody titres.

Experiments with a murine model of SLE (NZB/W) by Hoyer and colleagues (19)
demonstrated that both short- and long-lived plasma cells contribute to the maintenance
of autoimmunity in SLE: NZB/W mice were fed with Bromodeoxyuridine (BrdU), a
synthetic nucleoside, which is incorporated into the DNA of proliferating cells, for 14 to
21 days. Throughout the whole feeding time, 40% of all CD138" plasma cells did not
take up any BrdU, indicating that these were non-proliferating, long-lived plasma cells.
After immunosuppressive treatment with cyclophosphamide, short-lived BrdU® cells
were depleted, while long-lived BrdU" cells resisted treatment and continued to secrete
auto reactive antibodies, in particular anti-dsDNA antibodies. For human SLE, however,
the majority of anti-dsDNA antibodies seem to originate from short-lived plasma cells,
whereas other antibodies, such as anti-RNA and anti-cardiolipin antibodies, are
unaffected by immunosuppressive treatment and could be generated by long-lived

plasma cells (20).

Rituximab, a monoclonal antibody against CD20, which is found on the surface of B
cells, but not on mature, antibody-secreting plasma cells, has been suggested as a
potential therapeutic option for SLE. Studies in lupus-prone mice revealed that long-
term treatment with rituximab for 12 weeks was able to significantly reduce the
production of auto-reactive antibodies (21). Despite this, research by Anolik and
colleagues (22) showed that rituximab therapy depleted B cells (as precursors to short-
lived plasma cells) in SLE patients, but did not arrest the production of autoantibodies,
whose titres could be maintained well by LLPCs as mentioned above (19). Additionally,
two large-scale, randomized controlled studies aiming to evaluate the safety and
efficacy of rituximab treatment failed to attain their primary end points (23, 24), with
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recent research now focussing on targeting B-cell activating factors such as a
proliferation-inducing ligand (APRIL), B-Cell Activating Factor (BAFF). In 2009, Voll and
Hiepe described two potential therapeutic approaches that could target LLPCs, but are
restricted to severe cases, refractory to other therapeutic options: Firstly,
immunoablation with anti-thymocyte globulin followed by autologous stem cell
transplantation in human SLE patients and secondly, treatment with the proteasome
inhibitor bortezomib in the murine model (25).

1.3 The Multi-Component Plasma Cell Niche

Plasma cells themselves are not inherently long-lived and depend on a suitable
microenvironment, namely the so-called plasma cell niche, for their survival. While
these survival niches are located mainly in the bone marrow (26), they can also be
found in various other locations such as the spleen (19) or in chronically inflamed tissue
(27). Their actual number is assumed to be limited, implying constant competition
between newly formed plasma blasts and older, terminally differentiated plasma cells for
residency in the survival niche (10).

The current model proposes a multi-component plasma cell niche that is composed of
cells of haematopoietic and mesenchymal origin that promote plasma cell migration and
viability in conjunction with cytokines and membrane-bound factors. Tokoyoda et al.
(28) noticed that the majority of plasma cells within the bone marrow survival niche are
in contact with a subset of stromal cells expressing the chemokine CXCL12, so-called
CXCL12-abundant reticular (CAR) cells. CXCL12 is also known as stromal-derived
factor SDF-1. These CAR cells serve as a basic framework for cells within the niche and
mediate migration of plasma cells via CXCR4 (the receptor for CXCL12). Additionally,
CAR cells also impart homing and adhesion through the VCAM-1 receptor and its ligand
VLA4 that is expressed on the surface of plasma cells. Even though all CAR cells are
VCAM-17, they only represent 17% of all VCAM-1" cells in the bone marrow (28).

Other CXCR4" cells that are recruited to the bone marrow niche compartment via
CXCL12 comprise a multitude of cells including monocytes and dendritic cells (29),
eosinophils (30), basophils (31, 32), neutrophils (33) and megakaryocytes (34). It should
also be noted that CXCL12, next to its role in delivering haematopoietic cells to the

niche, has also been shown to support plasma cell survival in vitro (27).
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The aforementioned haematopoietic niche components (HNC) promote plasma cell
longevity by producing essential survival factors such as APRIL, BAFF and IL-6. APRIL
and BAFF are members of the TNF superfamily with shared homology, and Benson and
colleagues demonstrated that the survival of LLPCs is dependent on the presence of
either BAFF or APRIL alone (35). There are three receptors for BAFF and APRIL:
Firstly, the BAFF-receptor which, as its name suggests, interacts specifically with BAFF.
TACI on the other hand is able to bind both ligands, whereas BCMA shows a
significantly higher affinity for APRIL than BAFF. Previous research has shown that
BCMA knockout mice have a limited capacity to accommodate LLPCs when compared
to wild-type mice (36). IL-6 has also been shown to be crucial for supporting plasma cell
survival in vitro, either by itself for murine LLPCs (37) or when combined with
APRIL/BAFF or CXCL12 respectively in human LLPCs (38). The most important
sources of IL-6 and APRIL within the bone marrow plasma cell niche are dendritic cells,
macrophages, eosinophils and megakaryocytes. Furthermore, it should be noted that
stromal CAR cells are also able to produce IL-6.
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Figure 2: Model of the multi-component plasma cell niche, based on research by Winter et al. (39) : Haematopoietic niche
components migrate to the bone marrow microenvironment via the CXCL12-CXCR4 axis and contribute to a suitable

microenvironment by producing pro-survival cytokines such as IL-6 and APRIL. (2)

Megakaryocytes are attracted to the niche as they express CXCR4 and it has been
demonstrated by Winter et al. (34) that they are localized in close proximity to LLPCs in
the bone marrow. Furthermore, they promote plasma cell survival by being the main
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source of APRIL and IL-6. For this reason, any alterations in megakaryocytopoiesis and
associated subsequent changes in the numbers of megakaryocytes will change the
survival conditions for LLPCs within the bone marrow microenvironment with a direct
effect on overall viability and survival. Correspondingly, mice that are deficient for the c-
mpl gene display a reduced number of plasma cells in the bone marrow compartment.
c-mpl is the receptor for thrombopoietin (TPO), which in turn is the crucial growth factor
for megakaryocytopoiesis. In the following sections, the role of megakaryocytes as a
significant constituent of the multi-component plasma cell niche will be further
evaluated.

1.4 Megakaryocytopoiesis

The c-mpl receptor belongs to the superfamily of haematopoietic receptors (41, 42) and
is highly conserved among species (43). It is expressed on the cell surface of
megakaryocytes, CD34"/CD38" stem cells and platelets. The mature gene product for
human mpl (CD110) has a molecular weight of approximately 85 kDa (44) and is
composed of twelve exons corresponding to distinct functional domains (45): Exon 1
encodes a putative signal peptide that is removed in the mature protein, while Exons 2
to 9 are assigned to two duplicate extracellular cytokine receptor domains, each
exhibiting structural features such as specific cysteine residues and the WSXWS motif
that are typically

Signalling Transmembrane

conserved within Peptide Domain
Extracellular Domain 1 Extracellular Domain 2 Intracellular

. (Cytokine receptor homology) (Cytokine receptor homology) Domain
the cytokine
receptor superfamily  [1] 2 | 3 | el | ) L [ ] o [l [
(46). Of these two
functional  domains oo o
the cytokine

Figure 3: Exon structure of c-mpl. Exon 5 of the extracellular domain 1 contains the
receptor homology minimum-binding domain for TPO between residues 206-251. Modified from Walne (40)

(CRH) distal to the cell membrane is essential for ligand binding as well as maintaining
inhibition of the preformed receptor in the absence of its ligand (47). Exon 10
corresponds to the transmembrane domain, while Exons 11 and 12 encode for its
intracellular counterpart. This cytoplasmic domain includes two regions called BOX1
and BOX2 that are also highly conserved within the cytokine receptor superfamily (48).
Together, these regions mediate the receptor function through mutual phosphorylation
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of tyrosine residues and are pivotal for the subsequent activation of specific signalling
cascades such as JAK2 or STAT (49), which will be discussed in more detail further

below.
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Figure 4: Thrombopoietin Structure (50). Amino acids 1 -153 designate the amino terminal domain that shares sequence
homology with EPO and is comprised of four alpha helices. Amino acids 154-332 represent the carboxy terminal region,

which undergoes glycosylation and mediates TPO stability.

TPO itself is the essential and critical factor for megakaryocytopoiesis (51), it supports
the proliferation of precursor cells, stimulates polyploidy (52) and enhances endomitosis
(53). The human TPO gene is situated on chromosome 3926.3-27 (54) and encodes a
protein with a predicted molecular weight of 36 kDa (55), consisting of two terminal
domains that have separate structural and functional properties: The NH2 terminal
domain is crucial for receptor binding to c-mpl, its secondary protein structure consisting
of the typical four alpha helix structure common to other haematopoietic cytokines such
as EPO (56). The carboxy terminal domain consists of 178 amino acids and has no
importance for receptor binding (50, 57). Experiments with truncated forms of TPO
lacking the carboxy terminus showed that the amino terminal region itself is sufficient to

fully activate c-mpl (58).
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TPO is produced primarily in the liver (11) and released immediately into circulation
without being stored (50). As mentioned previously, the c-mpl receptor is also present
on platelets (59), where it primarily mediates TPO breakdown. In fact, serum
concentrations of TPO are inversely proportional to platelet counts, comparable to the
relationship between erythrocyte counts and EPO. Li and colleagues (60) demonstrated
the mechanism of TPO clearance using radioactively labelled recombinant TPO: After
binding to c-mpl, the ligand-receptor complex undergoes internalization followed by
degradation with 80% of all platelet-bound TPO removed within the first 60 minutes. The
c-mpl receptor itself is not available for subsequent ligand binding after undergoing

internalization and ubiquitin-mediated degradation (61).

The active c-mpl receptor requires
dimerization of two homologous
subunits: TPO binding to the distal
CRH induces a conformational
T ORI | ohange in- the c-mpi- receptor,
[ ” “ ” || “ “ ” ”“ “ ” “ ” |H| ” H [ ”" initiating several signal cascades

Extracellular

that activate each other through
Intracellular
reciprocal phosphorylation (63,
64). Downstream signalling is
mediated primarily via Janus
Kinase 2 (JAK2), which also

promotes localization of the c-mpl

Tyr630

receptor to the cell surface as well
pSTAT3/5 pAkt

PERK1/2 as protecting it from degradation

(65). Other signalling cascades
Figure 5: Downstream signaling mediated by TPO binding to its .
that are activated through

cytokine receptor, c-mpl. Autophosphorylation of JAK activates other
pathways involved in regulation of cell cycle and survival such as phosphorylation by JAK2 include:
STAT3/5, MAPK/ERK, PI3K/Akt. (62)

The MAPK/ERK pathway affecting
endomitosis (66), STAT signalling involved in both early differentiation and proliferation
(STAT3) as well as late maturation (STATS5) (67) and the PI3K/Akt pathway supporting

cell survival (68).

15



Research by Chen et al. in 2010 regarding the putative binding domain of the TPO
receptor discovered that residues 206 to 251 of the extracellular domain 1 of c-mpl,
corresponding to exon 5 of the c-mpl gene, are required as minimum binding domains
for TPO (42). Data from our research group (not published) found evidence of a single
nucleotide polymorphism (SNP) in this exon in DNA obtained from SLE-prone NZB and
NZB/W mice. This SNP has not been previously described in human mpl, and thus the
primary working hypothesis was to find evidence for a similar mutation in a cohort of
SLE patients. Proof of a mutation could implicate transformed kinetics of TPO receptor
binding and an altered activation of signalling pathways. Additionally, the first part of this
thesis focused on finding evidence for increased Akt signalling. Akt is a protein kinase
involved in downstream signalling of c-mpl and is regulated by phosphorylation of its
residues Threonine 308 (Thr308) by PI3K (69) and Serine 473 (Ser473) by mTORC2
(70). Upon activation of these, Akt is then able to target several downstream substrates
such as forkhead and glycogen synthase kinase beta 3 (GSK-3[3) that are both able to
promote cell proliferation and survival in megakaryocytes (62). Variations in the number
of MKs available for the PC niche on the other hand can ultimately have a significant

effect on PC survival as mentioned above.

1.5 Multiple Myeloma

Multiple myeloma (MM) is characterized by the unchecked proliferation of monoclonal,
malignant plasma cells within the bone marrow and is accompanied by a series of
distinctive symptoms that can be associated with the production of irregular antibodies
by abnormal plasma cells. Plasma cells in MM are characteristically located in the bone
marrow, where their survival depends on cytokines produced and secreted by cells
within the microenvironment, as well as on direct cell-cell contact similar to the factors
that govern the long-term survival of long-lived plasma cells in protective immunity or

autoimmune disease, as described above.

MM is the second most common haematological malignant neoplasm, frequently
diagnosed in men, with a median peak onset at approximately 65 years of age. It is
considered incurable, yet recent therapeutic advances have increased median survival

to 5-7 years (71). Typical MM associated symptoms can be explained by the
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unregulated proliferation of plasma cells: Multifocal deposition of antibodies can lead to
renal failure and polyneuropathy, while expansion within the bone marrow suppresses
other haematopoietic lineages, leading to anaemia, thrombocytopenia and leukopenia.
Osteolytic destruction of bone marrow is furthermore associated with pathological bone
fractures and increased serum calcium. The current view suggests a model in which
asymptomatic precursor stages such as monoclonal gammopathy of undetermined
significance (MGUS) and smouldering multiple myeloma (SMM) progress to MM with a
risk of about 30% over the course of 25 years (72).

Our current understanding of MM pathogenesis is constantly evolving. While previous
research aimed at identifying the cell of origin in multiple myeloma, e.g. CD138" B Cells
(73), recent investigations have shifted their focus to examine the complex role of the
microenvironment for plasma cell survival in MM, a strategy that has also permitted the

development of new therapeutic strategies.

1.5.1 The Bone Marrow Niche in Multiple Myeloma

Pro-Survival Growth Factors

A multitude of myeloma growth factors has been extensively described in the literature
among which IL-6, BAFF, APRIL, Insulin-like growth factor 1 (IGF-1) and CXCL12/SDF-
1 confer the most significant pro-survival and anti-apoptotic stimuli. Bone marrow
stromal cells (BMSC) are able to produce IL-6, even though there have been reports of
autocrine production of IL-6 by myeloma cells (74). Other local sources of IL-6 within the
BM microenvironment include osteoclasts and bone marrow endothelial cells (BMEC)
(75). IGF-1 is the second essential growth factor for myeloma cells (76) and is
expressed mainly by osteoclasts, even though there are also indicators for autocrine
production by MM cells (77). When compared to IL-6, it shows a stronger anti-apoptotic
effect through sustained activation of the transcription factor NF-kB, the PI3K/Akt
pathway and by inducing the phosphorylation of the forkhead transcription factor (78).
All receptors for APRIL and BAFF exhibit heterogeneous expression profiles in different
cell lines of MM and respond differently when stimulated by their respective ligands. As
is the case for IGF-1, osteoclasts produce the majority of APRIL and BAFF.
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Furthermore, there is additional evidence of autocrine APRIL and BAFF production by a

subtype of myeloma cells suggestive of a potential autonomous survival loop (79).

Neovascularisation

Another important factor to be considered for the establishment of the BM survival niche
is neovascularisation. The formation of new blood vessels represents an important
hallmark of tumour growth in MM (80), parallels disease progression and depends on
stimulation by pro-angiogenic factors. The cytokine VEGF-1 has a critical role in
myeloma-associated angiogenesis and is expressed mainly by stromal and endothelial
cells in the bone marrow. However, myeloma cells themselves are also able to produce
VEGF-1, which can create a paracrine loop with an additional distinct pro-survival effect
due to an up-regulation of IL-6 secretion from bone marrow stromal cells (81).

Homing and Adhesion

SDF-1 or CXCL12 is secreted by BMEC and mediates early homing of myeloma cells to
the BM niche via its cell surface receptor, CXCR4. MM cells can then closely interact
with other components within this microenvironment, such as BMSCs, HNCs,
fibroblasts, adipocytes, various number of extracellular matrix proteins, as well as
osteoblasts and osteoclasts (75). The adhesion of myeloma cells to the niche is
mediated by several molecules including CD44, VLA-4 and CD138 (82). These factors
have the potential to induce the activation of several intracellular signalling pathways
that can augment the secretion of pro-survival cytokines within myeloma cells and other
cells in the niche, thus creating a circulus vitiosus which is continuously perpetuated by
autocrine and paracrine activity. Other signalling cascades involved in survival,
proliferation and migration of myeloma cells within the bone marrow niche include the
PI3K/Akt and JAK/STAT pathways that are also implicated in megakaryocytopoiesis, as
mentioned above. Syndecan-1 or CD138 is found on the surface of most MM cells and
mediates adhesion to extracellular matrix proteins by binding to type 1 collagen (75). It
is typically associated with a poor clinical outcome, as higher serum levels are
correlated with elevated tumour mass (83).
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The Role of Osteoclasts and Osteoblasts

The two cellular factors that modulate the development of osteolytic bone lesions in MM
are osteoclasts and osteoblasts: Firstly, stimulation of osteoclastogenesis is influenced
by the expression of receptor activator of NF-kB (RANK) and its ligand (RANKL).
Osteoblasts and BMSC both produce RANKL and osteoprotegerin (OPG), the former
inducing osteoclast differentiation and maturation after binding to RANK on osteoclast
precursor cells, while the latter acts as a decoy receptor for RANKL, thus preventing
excessive overstimulation of osteoclastogenesis (84). This homeostatic balance is
disturbed in MM, as cell adhesion via VCAM-1 to BMSC decreases the secretion of
OPG and increases the production of RANKL (85), with additional evidence for an
increased inactivation of OPG by CD138 (86). Osteoclasts are an important source of
factors that stimulate myeloma cell growth such as IL-6, IGF-1 and APRIL/BAFF, as
mentioned above. However, a multitude of these survival factors also serve as
osteoclast-activating factors, thereby creating a self-perpetuating circle of bone

destruction promoting increased tumour growth.

Consequences for therapeutic options

This complex network of cell-to-cell interactions that is interwoven with the release of
cytokines promoting growth and survival of myeloma cells has permitted an expansion
towards new potential therapeutic approaches. These could involve the role of the bone
marrow microenvironment in myeloma pathogenesis and could focus on migration,
adhesion, angiogenesis, soluble cytokine survival factors and haematopoietic niche
components, all of which could complement current therapeutic options and improve
overall survival. Despite this, MM is still considered incurable and treatment currently
focuses on inducing complete remission or terminating disease progression, thereby
reducing the risk of associated end organ damage. The advent of novel agents such as
the proteasome inhibitor bortezomib or the immune modulatory drugs thalidomide and
its derivative lenalidomide, have greatly improved the median survival of MM patients
(87).

Based on recent findings regarding the role of the bone marrow microenvironment in

myeloma, additional treatment approaches can now not only target the tumour cell
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alone but also its interactions with the survival niche, thereby increasing the efficacy of
current treatments, reducing adverse effects and potentially overcoming drug
resistance. Due to the multitude of growth factors involved in myeloma survival,
targeting these cytokines appears to be a sensible approach. The inhibition of IL-6 for
instance, enhanced the cytotoxicity of chemotherapeutic agents and has even achieved
a complete and sustained remission (88). Furthermore, BAFF and APRIL depletion by a
TACI fusion protein augmented the apoptotic effect of treatment with anti-IL6 antibodies
(79). Targeting of cell attachment represents another potential strategy: Syndecan-1 is
not only a primary diagnostic marker in multiple myeloma, but also mediates cell
adhesion to extracellular matrix proteins as described above. Research by lkeda and
colleagues demonstrated that the chimeric antibody nBT062 managed to inhibit the
adhesion of myeloma cells to BMSC (89). A similar effect was observed with
Natalizumab, a monoclonal antibody against the cell attachment molecule integrin-o4,
which also interrupted VEGF-1-mediated neovascularization, |GF-1-associated cell
migration as well as sensitizing myeloma cells for treatment with bortezomib (90). The
last in the long line of potential promising targets is the CXCR4-CXCL12 axis, which
mediates initial homing and migration of myeloma cells to the bone marrow niche. The
CXCR4 inhibitor AMD3100 effectively disrupted the adhesion of myeloma cells to
BMSC, reflected by an increased level of dislocated MM cells found in the circulation
and augmented sensitivity to treatment with bortezomib (91). A further study also
indicated that AMD3100 could mobilize CD34" haematopoietic progenitor cells, thereby

targeting homing and mooring of HNC within the survival niche (92).

1.6 Aims and Goals

SLE is a prototypical autoimmune disease that is characterized by the production of
auto-reactive antibodies both by short- and long-lived plasma cells. LLPCs are able to
escape conventional immunosuppressive treatment within special niches typically found
in the bone marrow. These survival niches confer an ideal microenvironment for long-
term residency of LLPCs and consist of several components, with stromal cells
providing basic scaffolding for homing and adhesion of plasma cells, while
haematopoietic niche cells promote survival by producing growth factors.
Megakaryocytes are localized in close proximity to plasma cells as well and are an
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important source of the pro-survival cytokines IL-6 and APRIL/BAFF. Their development
depends on the c-mpl receptor and its ligand, TPO. Recent research has identified the
minimum-binding domain within the extracellular domain 1 of the c-mpl gene. A single
nucleotide polymorphism in this gene locus has been identified in our group for SLE-
prone mice, and the first part of this thesis aims to discover and identify a corresponding
mutation in the human c-mpl gene in a cohort of patients with systemic lupus
erythematosus. Evidence for such a mutation, in turn, could be linked with a significant
activation of signalling pathways such as PI3K/Akt that promote megakaryocytopoiesis,
increase the number of available megakaryocytes and subsequently modulate the
plasma cell niche through augmented levels of pro-survival cytokines. However,
increased downstream signalling could also occur independently of a mutation within
the c-mpl gene. The second part of this thesis will focus on the effect of selected HNCs
such as granulocytes and megakaryocytes on the viability and growth of murine
myeloma cells, a disease that is also influenced by plasma cell survival within a

protective microenvironment.
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2. Materials and Methods

2.1 Materials

211 Sequencing of c-mpl Exon 5

2.1.1.1 Materials Used

The following represents a summary of all materials and their respective compositions,

if applicable, for the c-mpl exon 5 sequencing experiments that were carried out:

Name of reagent Composition Manufacturer
Erythrocyte Lysis NH4CI [80.2 g/L] DRFZ
Buffer KHCO; [10.01 g/L]
EDTA [3.72 g/L]
QIAGEN Protease Qiagen
Buffer AL Qiagen
Ethanol 96% DRFZ
PBS NaCl [8 g/L] Roth
NayHPO4 [1.44 g/L] Sigma-Aldrich
KCI[0.2 g/L] Sigma-Aldrich
EDTA DRFZ
Buffer AW1 Qiagen
Buffer AW2 Qiagen
Buffer AE Qiagen
TopTaq Master Mix 1.25 units TopTaq DNA Polymerase Qiagen
1 x PCR Buffer (1.5 mM MgCly)
200 uM of each dNTP
CoralLoad Qiagen
Forward primer TCAGGCCTCCAAATTAATGG
Reverse primer GTTCCTGTCCAGTGGCAAGT
Agarose DRFZ
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Tris-acetate-EDTA Trishydroxymethylaminomethane 40mM | DRFZ
Acetic Acid for pH titration
EDTA 1mM

Ethidiumbromide 0.7 mg/mL DRFZ

DNA Binding Buffer GeneOn

Wash Buffer GeneOn

Elution Buffer GeneOn

RPMI medium with 1% | RPMI 1640 Life

FCS Technologies
1% FCS Invitrogen
L-glutamate [10 mM/L] Invitrogen
Penicillin [100 U/mL] Invitrogen
Streptomycin [100 pug/mL] Invitrogen

IMDM GlutaMAX Life

HEPES [25 mMIL]

Penicillin [100 U/mL]
Streptomycin [100 pg/mL]
5% FCS

Technologies
Life
Technologies
Invitrogen
Invitrogen

Invitrogen

Thrombopoietin (TPO)

10 pg recombinant murine TPO from

Peprotech Inc

E.coli
CD41-FITC Clone: MWReg30 AbD Serotec
DAPI-PB Southern
Biotech
RPMI medium with 10% | RPMI 1640 Life
FCS Technologies
10% FCS Invitrogen
L-glutamate [10mM] Invitrogen
Penicillin [100 U/mL] Invitrogen
Streptomycin [100 pug/mL] Invitrogen
BSA DRFZ
Cytofix BD Pharmingen
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Perm Wash 10x BD Pharmingen
Wash Buffer Abcam
Lysis Buffer Abcam
Enhancer Solution Abcam
ADHP Abcam
ADHP Dilution Buffer Abcam
Assay Control Lysate Abcam
Stop Solution Abcam
Capture Antibody pT308, pS473, total Akt1 Abcam
Detection Antibody pT308, pS473, total Akt1 Abcam
Table 1: Reagents used in the c-mpl exon 5 sequencing experiments

Name Specifics Manufacturer
QlAamp Mini Spin Columns Qiagen
Eppendorf tube 0.5,1.5,2.0 mL Eppendorf
Collection tubes 2mL Qiagen
Microcentrifuge tubes GeneOn

GF-1 columns GeneOn

Cell Culture Flask 25, 50 cm? Corning Costar
Needle 26 gauge Braun
Syringes 6,10 mL Braun

Pipette tips 10, 200, 500 uL Sarstedt
Scissors DRFZ
Scalpel DRFZ

6 well plate Sigma Aldrich

Falcon tubes

15, 50 mL

Fisher Scientific

96-well PhosphoTracer assay
plate

Abcam

Table 2: Materials used in the c-mpl exon 5 sequencing experiments
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2.1.1.2 SLE Patients

40 SLE patients currently receiving treatment at the Charité Clinic for Rheumatology
and Clinical Immunology were selected for further examination and 10 mL to 20 mL
whole blood samples recovered after informed consent was obtained. Patients were
selected according to current disease status, disease activity index (SLEDAI), chronic
disease progression, last known medication, autoimmune diseases in family history and
known allergies. The control group consisted of 15 male and female donors who were

not ill and had not taken any relevant concomitant medication immediately prior to or at

the time of sample recovery.

21.2 Co-Culture of MOPC315.BM and HNCs

2.1.2.1 Materials Used

The following represents a summary of all materials and their respective composition

used for the co-culture experiments that were carried out:

Name of reagent Composition Manufacturer
PBS NaCl [8 g/L] Roth
Na;HPO4 [1.44 g/L] Sigma-Aldrich
KCI[0.2 g/L] Sigma-Aldrich
PBS with BSA PBS as above with the Biomol

addition of 0.5 % BSA

Thrombopoietin (TPO)

10 pg recombinant murine
TPO from E.coli

Peprotech Inc.

RPMI medium with 1% FCS

RPMI 1640

1% FCS

L-Glutamate [10 mM/L]
Penicillin [100 U/mL]
Streptomycin [100 pug/mL]

Life Technologies
Invitrogen
Invitrogen
Invitrogen

Invitrogen
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RPMI medium with 10%
FCS

RPMI 1640
10% FCS

L-glutamate [10mM]
Penicillin [100 U/mL]
Streptomycin [100 pug/mL]

Life Technologies
Invitrogen
Invitrogen
Invitrogen

Invitrogen

IMDM GlutaMAX Life Technologies
HEPES [25 mM/L] Life Technologies
Penicillin [100 U/mL] Invitrogen
Streptomycin [100 pug/mL] Invitrogen
5% FCS Invitrogen
Cytofix BD Pharmingen
Perm Wash 10x BD Pharmingen
EDTA DRFZ
Ethanol 70% DRFZ
BSA DRFZ
Annexin V Binding Buffer eBioScience
Korsoline DRFZ
Aqua dest DRFZ

Table 3: Solutions, culture media, buffers and reagents used in the MOPC315.BM co-cell culture experiments

Name Specifics Manufacturer
96 Flat bottom Microplate Sigma Aldrich

6 well plate Sigma Aldrich
Falcon tubes 15, 50 mL Fisher Scientific
Glass pipettes 5,10, 20 mL DRFZ

Cell Culture Flask 25, 50 cm? Corning Costar
Cell strainer 20 yL BD Biosciences
Syringes 6, 10 mL Braun

Needles 26 gauge Braun

Pipette tips 10, 200, 500 yL | Corning Costar
Eppendorf tube 0.5,1.5,2.0 mL | Eppendorf
Scissors DRFZ
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Scalpel DRFZ

Tweezers DRFZ

Table 4: Materials used for MOPC315.BM co-cell culture experiments

Antigen-conjugate | Clone Source
DAPI-PB Southern Biotech
CD138-PE 281-2 BD-Pharmingen
Gran-FITC RB6-8C5 DRFZ
Gran-BIO RB6-8C5 DRFZ

CD4-PE GK1.5 DRFZ

IgD-PE 11.26¢ DRFZ
CD41-FITC MWReg30 AbD Serotec
CD41-PE MWReg30 AbD Serotec
Streptavidin-PE BD-Pharmingen
Annexin V-APC eBioScience
Propidium lodide Sigma Aldrich

Table 5: Antibodies used for cell surface staining for flow cytometry

Name Manufacturer

MidiMACS™ Separator | Miltenyi Biotec GmbH, Germany

MidiMACS™ Multistand | Miltenyi Biotec GmbH, Germany

LS & LD Columns Miltenyi Biotec GmbH, Germany
Anti-PE Miltenyi Biotec GmbH, Germany
Anti-BIO Miltenyi Biotec GmbH, Germany

Table 6: Material used for manual cell separation (MACS)

2.1.2.2 Mice

All co-culture experiments in this doctoral thesis were performed with primary cells, from
12 to 20 week-old BALB/c mice, as the MOPC315.BM cell line is derived from that
strain. The experiments that examined Akt phosphorylation in this thesis were
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completed using NZB and NZW mice, a mouse model that develops a lupus-like

phenotype, with each strain featuring limited characteristics of autoimmune disease.

All mice were born and raised in the breeding unit of the federal institute for risk
assessment (Bundesinstitut fuer Risikobewertung) in Marienfelde, Germany under
specific pathogen-free conditions and transferred to the animal (mouse) maintenance
facility of the DRFZ, where they were kept during the course of the experiments. All
animal experiments were conducted by trained and certified personnel after approval by
the responsible local ethics committee at the “Landesamt fur Gesundheit und Soziales”

(Berlin, Germany) had been obtained.

2.1.2.3 MOPC Cells

Multiple myeloma in mice can be induced by intraperitoneal injection of oil, creating so-
called mineral oil induced plasmocytoma (MOPC) cells that can serve as a murine
model to study the pathophysiology of multiple myeloma. These cells can be
translocated by subcutaneous or intraperitoneal injection and induce local,
extramedullary tumour growth. The MOPC315.BM cell line used in these series of
experiments was a kind gift from Dr. Rudolf Manz (Universitatsklinikum Schleswig-
Holstein, Lubeck, Germany). It was first described by Hofgaard et al. (93) in 2012 and
can be grown in vivo and in vitro. It represents a cell line that has the ability to migrate
to, and to expand within, the bone marrow following intravenous injection, thereby
creating a suitable model to study the bone marrow microenvironment in the context of
myeloma disease. The cells were previously labelled with GFP by retroviral transfection
and cultured in RPMI 1640 medium supplemented with 10% FCS before co-culture with

haematopoietic niche component cells.

2.1.2.4 Instruments and Devices Used

Evaluation of flow cytometry was performed on a MACSQuant® Analyzer (Miltenyi
Biotec), generating flow cytometry standard (*.fcs) files that were further examined
using FlowJo Version 7.6.5. All graphs and statistical analyses were prepared with
GraphPad Prism Version 5.0.
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2.2 Methods

221 Sequencing of c-mpl Exon 5

2.2.1.1 DNA Extraction and Gene Sequence Analysis

Genomic DNA was recovered from peripheral blood samples from patients with SLE
who were recruited from the Charité — University Medicine Berlin Clinic for
Rheumatology and Clinical Immunology. Whole blood was initially centrifuged at 300 g
for 10 minutes, its serum removed for storage and erythrocyte lysis buffer added at a
ratio of 5:1. After 20 minutes of incubation at ambient temperature, the sample was
again centrifuged at 300 g for 10 minutes and its supernatant discarded. The pellet was
then recovered and genomic DNA extracted using the QlAamp DNA Mini Kit standard
protocol (Qiagen). Concentration and purity of isolated DNA was measured by a
NanoDrop™ (Thermo Scientific) spectrophotometer before a polymerase chain reaction
was conducted according to the standard protocol of a TopTag Master Mix Kit (Qiagen).
Subsequently, amplified DNA was separated by gel electrophoresis at 100 Volts for 30-
45 minutes. The gel was composed of 1% agarose with tris-acetate-EDTA used as an
electrophoresis buffer and 5 yL of ethidium bromide added as a nucleic acid dye. The
separated DNA target fragment was recovered from the gel following the standard
procedures of an AmbiClean PCR/Gel DNA extraction kit (GeneOn) and sent to GATC
Biotech for sequencing. The results were then screened for the SNP described above
using the BioEdit sequence alignment software.

2.2.1.2 Analysis of Akt Signalling

Bone marrow recovered from femora and tibiae of NZW and NZB mice was cultured
separately in IMDM medium with TPO added at a concentration of 10 ng/mL every 36
hours; all subsequent resuspension steps were performed with the distal end of the
pipette tip cut off as described in section 2.2.2.2. After three days in culture, the medium
was substituted with RPMI medium containing 1% FCS so as to deprive the cells of

TPO for 12 hours. Following this, half of the bone marrow culture was washed with
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sterile PBS at 300 g for 8 minutes, resuspended in RPMI medium with 10% FCS and
transferred to a 6 well plate to be incubated for 30 minutes with additional TPO at the
same concentration as above, while the other half remained unstimulated. After a
second wash step with PBS with EDTA, cells of both stimulated and unstimulated bone
marrow cultures were resuspended in 100 yL of BD Cytofix, kept on ice and washed
again with BD Perm/Wash Buffer before they were stained for 20 minutes with CD41-
FITC and DAPI-PB at a concentration of 1:400 and 1:50, respectively. Afterwards, cells
were resuspended in 500 yL PBS/BSA with EDTA and added to tubes coated with 3%
BSA in PBS before undergoing fluorescence-activated cell sorting, the aim being to
select CD41" megakaryocytes according to polyploidy. Finally, partial and total Akt
phosphorylation of extracted cells was examined with an enzyme-linked immunosorbent
assay kit (abcam Phosphotracer Akt pT308/pS473/total Akt1) following the instructions
of the standard PhosphoTracer assay protocol.

222 Co-Culture of MOPC315.BM and HNCs

2.2.2.1 MOPC Cell Confluence

In cell biology, confluence refers to the amount of surface area in a culture vessel that is
covered with cells. As cells increase their level of confluence in a culture, growth slows
down or can cease entirely due to contact inhibition. However, some transformed cells
can continue to proliferate after confluence has been reached. The first set of
experiments aimed to find the optimal cell density for MOPC cells, at which autocrine
production of survival factors becomes insufficient and the cells would become
dependent on external growth factors produced by HNCs. MOPC cells were cultured for
2 days in RPMI 1640 medium by adding either 1% or 10% FCS. Cell confluence was
calculated using the following values: Within a 96-well plate used for cell cultures, each
well provided a space of 32 mm?. MOPC cells have a diameter of 0.014 mm (94) and
take up a cell surface area of 1.54 x 10 mm?, indicating that a cell confluence of 100%
is attained when approximately 200,000 cells are present per well. Absolute cell
numbers for initial seeding on day 0 were determined via the automated CASY® Cell
Counter (Roche Life Sciences) while overall cell viability on day 2 was based on the

uptake of the nuclear dye DAPI. Due to ease of use and logistical as well as practical
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considerations, any subsequent cell counts were henceforth performed on the
MACSQuant® Analyzer (Miltenyi Biotec).

2.2.2.2 Day -3: Bone Marrow Culture

In order to promote the differentiation of haematopoietic stem cells to megakaryocytes
through the action of TPO, and thus increase the numbers of megakaryocytes
harvested for the upcoming co-culture experiments, murine bone marrow was isolated
and pre-cultured. Two BALB/c mice were sacrificed by cervical dislocation and both
femora and tibiae were recovered by separating muscles and tendons from the bones
using a scalpel. Each bone was then cut at its proximal as well as its distal end, allowing
marrow cells to be obtained by carefully flushing all bone cavities with Iscove’s modified
Dulbecco’s medium (IMDM) using a 26 gauge needle attached to a 6 mL syringe. To
prevent the destruction of megakaryocytes by shearing forces, approximately 5-10 mm
of a 500 pL pipette tip were cut off with a scalpel whenever a single cell suspension was
created as was previously described (95). The use of a cell strainer was omitted for the
same reason. These isolated bone marrow cells were then cultured in IMDM
supplemented with Glutamax™, 5% FCS, penicillin (100 U/mL), streptomycin (100
pug/mL), HEPES (25 mMol/L) and recombinant mouse TPO at a concentration of 10
ng/mL. The extracted cells were then incubated at 37° Celsius and 5% CO, for 3 days.
Additional TPO was added to the culture medium when its half-life of 19-25 hours

approached (96).

2.2.2.3 Day 0: BSA Density Gradient

On the day of the co-culture experiment, the flask containing the bone marrow cell
culture was cautiously removed from the incubator, without stirring its contents. A
supernatant volume of approximately 25-30 mL was removed by vacuum aspiration via
a Pasteur pipette. The remaining volume of BM culture was then resuspended with a 10
mL glass pipette and transferred to a 50 mL Falcon tube. Any remaining cellular content
within the flask was rinsed with 20 mL of PBS with EDTA and added to the
aforementioned falcon tube. Following a washing step of 300g for 8 minutes, the pellet

was resuspended in 1 mL PBS after the supernatant had been discarded. In analogy to
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the bone marrow culture, the distal end of the 500 pL pipette tip was cut off each time
before resuspending the solution. This single-cell suspension was slowly added to a
BSA density gradient that had been prepared simultaneously by the addition of the
following layers within a 15 mL falcon tube: 1.5 mL of 3% BSA, 1.5 mL of 1.5% BSA and
1.5 mL of PBS only. After 30 minutes at ambient temperature, the topmost layer was
removed and fractions Il and Il transferred to a second 15 mL Falcon tube. After
another washing step with PBS with EDTA at 300g for 8 minutes, the pellet was
resuspended in 500 yL PBS/BSA with EDTA and the sample kept on ice.

0% / Fraction |
Fraction I
15%
Fraction Il

3%

\BfA/ \/ Fraction IV

Figure 6: Schematic representation of purification of megakaryocytes by means of BSA density gradient, before the

application of sample specimen (left) and after 30 minutes at ambient temperature (right). Fraction Il represents the buffy

coat with leukocytes and platelets, while fraction IV exemplifies the pellet

2.2.2.4 Day 0: Cell Extraction

During the separation of megakaryocytes in the BSA density gradient, one BALB/c
mouse was sacrificed by cervical dislocation and its spleen and femora recovered. The
spleen was kept in a small petri dish filled with PBS, gently pushed through a cell
strainer using a syringe stamp. The single cell suspension was then transferred to a 50
mL falcon tube. Any remaining cell debris was collected by rinsing the petri dish with
PBS containing EDTA and added to the aforementioned falcon tube. Following a wash
step at 300g for 8 minutes, the pellet was then resuspended in 1 mL PBS/BSA with
EDTA and kept on ice. At the same time, murine bone marrow was flushed using the
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same methods as described above in section 2.2.2.2, washed with PBS containing
EDTA for 8 minutes at 300g and its pellet resuspended in 500 uL PBS/BSA with EDTA.

2.2.2.5 Primary Immunostaining

With regard to the isolation of HNCs, the initial steps involved primary staining of each
cell population using appropriate cell surface markers conjugated with fluorochromes,
allowing the identification of specific groups of cells during subsequent flow cytometry
analyses and simultaneously serving as a prerequisite for further purification of HNCs

via secondary staining with magnetic immunobeads.

B and T lymphocytes were isolated from murine splenic cells and labelled with IgD-PE
and CD4-PE, respectively. Granulocytes were obtained from murine bone marrow on
the day of seeding and stained with Gran1-BIO. An earlier experiment attempting to
grow these for 3 days simultaneously with megakaryocytes failed, as the majority of
granulocytes did not survive (Data not shown). Megakaryocytes, having been cultured
in IMDM medium for three days and purified with a BSA density gradient, were marked
with CD41-PE. All stains were performed at a concentration of 1:250 using PBS/BSA
with EDTA for 20 minutes, while all samples were kept on ice. All samples were then
washed with PBS with EDTA and centrifuged at 300g for 8 minutes, followed by the
removal of supernatant and resuspension of the samples in 300 yL PBS/BSA
containing EDTA for further staining. As mentioned above, the distal end of the pipette
tip was cut off each time megakaryocytes were resuspended.

2.2.2.6 Manual Cell Separation

Subsequently, HNCs that had been previously marked by surface staining were isolated
and purified by a second staining step using the MACS microbead technology (Miltenyi
Biotec). This technique involves targeting particular cells of interest by specific
antibodies that are conjugated to very small magnetic particles approximately 50 nm in
size. The actual cell separation is based on the action of several MACSMidi™
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separators, inducing a strong magnetic field within different MACS cell separation

columns, allowing the retention of cells that have been previously magnetically labelled.

In order to isolate the HNCs that were required for the co-culture experiments, we
performed a positive selection using LD columns for megakaryocytes and LS columns
for all other HNCs. B and T lymphocytes, as well as megakaryocytes were labelled with
Anti-PE (1:20), while granulocytes were stained with Anti-BIO (1:20) and Streptavidin-
PE (1:400). All stains were performed using PBS/BSA with EDTA for 20 minutes, while
being kept on ice. All samples were then washed with PBS with EDTA, centrifuged at
300g for 8 minutes, their supernatants removed and then resuspended in 1 mL of
PBS/BSA with EDTA. As mentioned above, the distal end of the pipette tip was cut off
for all suspension steps that involved megakaryocytes. Each cell separation column
was calibrated with 1 ml of PBS/BSA with EDTA before the application of 1 ml of
sample volume. Unlabelled cells passed through the column and constituted the
negative or depleted fraction of the sample volume. After the column was washed three
times by adding 1 ml PBS containing EDTA, respectively, it was removed from the cell
separator and the retained, magnetically labelled cells were then carefully eluted using
a plunger and 3 ml of PBS/BSA with EDTA. This sample volume was consecutively split
into two falcon tubes containing 1.5 ml of separated cells each, filled up with PBS with
EDTA and washed at 300 g for 8 minutes, its supernatant discarded and the pellet
resuspended in 500 pL of RPMI medium supplemented with either 1% or 10% FCS.
MOPCs taken directly from their cell culture flask underwent the same separation into
two fractions. After careful resuspension of all respective sample populations, a volume
of 50 pyL each was taken, diluted with 150 pyL of RPMI medium containing the
appropriate amount of FCS and DAPI-PB was added at a concentration of 1:200 in
order to analyse the purity of extraction on MACSQuant for the following cell culture

experiments, while all remaining sample volumes were kept on ice.

2.2.2.7 Cell Purity and Cell Counts

The absolute cell counts of isolated cells available for the co-culture experiments and
purity of extraction were assessed in the following steps via the MACSQuant Analyzer.
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Purity was based on the proportion of PE™ cells of all selected cells after the removal of
debris and doublets by electronic gating via the FlowJo flow cytometry analysis
software. MACSQuant analysis (including cell counts) was based on an uptake volume
of 50 pL, representing a quarter of the sample volume that was set aside for
measurement. All DAPI" cells were then multiplied by 4/50 in order to obtain the
concentration of viable cells within this small portion of purified cells. The absolute
number of available cells that remained for seeding could then be found by multiplying
this value by 450. In order to determine the required cell sample volumes, the following
calculations had to be considered: MOPC cells were required to be seeded in triplicates
at a concentration of 1,000 cells per well and co-cultured with HNCs at a ratio of 1:10,
with each well holding a volume of 200 yL. Additionally, seeding was performed twice
so as to permit for a day 0 analysis. For the HNCs, this necessitated a minimum of
70,000 (surplus buffer) available cells resuspended in RPMI medium containing 1% or
10% FCS respectively, which when divided by the concentration of available cells,
provided the total required volume. HNCs and MOPCs were added to the co-culture
within a sample volume of 100 yL each. For this reason, the total required volume of
HNCs was filled up with RPMI medium containing either 1% or 10% FCS until a total
volume of 700 puL was attained. Similar considerations were taken into account when
sample volumes for MOPCs were determined and 36,000 cells including surplus buffer

were set aside for seeding in the co-culture experiments.

2.2.2.8 Co-Cell culture

As mentioned above, MOPC and HNC sample volumes were adjusted to be 100 pL
respectively and to contain 1,000 or 10,000 cells each, translating to a ratio of 1:10 for
myeloma to feeder cells. Individual cell populations were seeded in triplicates in RPMI
medium containing either 1% FCS (suboptimal conditions) or 10% FCS and incubated
at 37° Celsius and 5% CO; for two days. Isolated megakaryocytes were supplemented
with TPO at a concentration of 20 ng / mL on day 0 and after 36 hours had passed as
described under 2.2.2.2. As mentioned earlier, TPO administration alone did not have a
direct effect on plasma cell numbers (34). This observation was also evaluated in the
experiments with the MOPC315.BM cell line. Both HNCs and MOPCs were

resuspended before seeding in order to guarantee a uniform distribution of cells. The
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96-well plate used for cell cultivation was wrapped in transparent film to prevent
condensation forming within the culture plate. After seeding was completed a second,
identical duplicate cell culture was performed, allowing an analysis of day 0 samples
with the MACSQuant Analyzer.

A BCells TCells Gran MK MOPC BCells TCells Gran MOPC
+ + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO
B BCells TCells Gran MK MOPC BCells TCells Gran MK MOPC
+ + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO
C BCells TCells Gran MK MOPC BCells TCells Gran MK MOPC
+ + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO
Day BCells TCells Gran MK MOPC BCells TCells Gran MK MOPC
0 + + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO
Day BCells TCells Gran MK MOPC BCells TCells Gran MK MOPC
0 + + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO
Day BCells TCells Gran MK MOPC BCells TCells Gran MK MOPC
0 + + + + only + + + + only
MOPC MOPC MOPC MOPC MOPC MOPC MOPC MOPC
+TPO +TPO

Table 7: Schematic representation of seeding performed for co-culture experiments with MOPC and HNCs. All cell

populations were seeded in triplicates, including an identical, duplicate co-culture to represent values for day 0.

2.2.2.9 Cell Viability

The primary end point for the co-culture experiments was to measure the survival of
murine MM cells when grown together with haematopoietic niche components. Viability
of MOPC cells was measured on day 0 and on day 2 using Annexin V-APC as a marker
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for early apoptosis and DAPI-PB as a marker for late, terminal apoptosis.

Phosphatidylserine (PS) is a component of the phospholipid cell membrane and is
found on the cytoplasmic side in normal viable cells. It is translocated to the external
surface of the membrane during early to intermediate stages of apoptosis. This
externalisation precedes other apoptotic processes such as cytoplasmic condensation
or loss of membrane integrity and attachment (97). Annexin V is a protein with high
affinity for negatively charged phospholipids like PS and can be used as a probe to
detect early apoptotic cells. DAPI, on the other hand is a molecule that has a strong
affinity for regions of double-stranded DNA that is rich in Adenine-Thymine and is a
commonly used viability stain (98). While early apoptotic cells have not lost the integrity
of their nuclear membrane and are thus not permeable to nuclear dyes, dead cells can
be discriminated by their uptake of DAPI. However, it should be noted that DAPI is able
to permeate live cells when applied at very high concentrations (99). Additionally, the
expression of the plasma cell marker CD138 or Syndecan-1 was also analysed in order

to evaluate its potential as a supplementary marker for very early apoptosis.

The following experimental procedure was applied to samples on day 0 (immediately
after seeding) and on day 2, following the incubation period. All staining and washing
steps were performed within the 96-well cell culture plate. Initially, two wash steps were
implemented by spinning the culture plate at 300 g for 8 min, discarding 150 pL of
supernatant and filling up with the same volume of PBS in the first wash and Annexin V
binding buffer in the second wash. Cells were then stained using Annexin V binding
buffer and DAPI-PB at a concentration of 1:50, Annexin V-APC at 1:100 and CD138-PE
at 1:400 for 15 minutes at 4° Celsius, washed and resuspended in binding buffer once
more, resulting in a total volume of 200 pL per well. An uptake volume of 100 uL was
used for analysis with MACSQuant, generating flow cytometry standard (fcs) files, which
were examined using the flow cytometry software FlowJo. Depending on their pattern of
fluorescence, cells were then determined to be viable (DAPI, Annexin V'), early
apoptotic (DAPI", Annexin V") or late apoptotic / dead (DAPI*, Annexin V™).
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Figure 7: Exemplary flow cytometry data for electronic gating performed to evaluate viability on day 0 and on day 2.
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3. Results

3.1 Sequencing of c-mpl Exon 5

In the first part of this thesis, blood samples obtained from 40 selected SLE patients
currently receiving treatment in the Charité Clinic for Rheumatology and Clinical
Immunology were evaluated for SNP within the minimum-binding domain of
extracellular domain 1. For this purpose, genomic DNA was extracted from peripheral
blood samples and exon 5 of c-mpl amplified using polymerase chain reaction. This was
followed by a separation of DNA fragments by gel electrophoresis and recovery of
target DNA for sequence analysis. Previously, unpublished data from our group
described an SNP in SLE-prone NZB and NZW mice within the extracellular binding
domain of TPO, and the primary aim of the experimental part of this thesis was to find
evidence for a similar mutation in SLE patients. After all samples were extracted and
assessed using DNA sequence alignment software, there was no indication of such a

mutation in the c-mpl gene of those patients.

A further set of experiments focused on the examination of downstream signalling of c-
mpl, in particular activation of the Akt signalling cascade, as one of the major pathways
affecting megakaryocyte proliferation and differentiation. This included an analysis of
total and partial Akt phosphorylation of megakaryocytes pre-cultured for three days and
originating from either NZB or NZW mice with or without stimulation by TPO prior to
ELISA examination. Even though different patterns of Serd73 or Thr308
phosphorylation were observed, there was no conclusive evidence for an increased
activation of the Akt pathway after the analysis of all cell lysates. However, since the
experimental data was based on one single study, this could justify further potential

follow-up examinations.

3.2 Co-Culture of MOPC315.BM and HNCs

These series of experiments aimed to assess the influence of known haematopoietic

niche cell components such as granulocytes and megakaryocytes as well as B and T
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lymphocytes on the growth and viability of murine plasmocytoma cells using the
example of the MOPC315.BM line. Before the actual co-culture experiments were
performed, several aspects of the experimental setup had to be considered and which
shall be presented accordingly and chronologically in this thesis:

First, murine myeloma cells were cultured at different cell densities in order to determine
the optimal seeding conditions at which the former would be dependent on external
cues such as pro-survival growth factors secreted by HNCs. Secondly, the preparation
of HNCs from BALB/c mice underwent several modifications and adjustments before a
suitable experimental approach could be determined that permitted successful co-
culture with MOPCs. The results for the latter constitute the principal part of this thesis
and will be presented with a focus on growth and viability of MOPCs after two-day
culture as well as providing an additional outlook on the expression profile of the plasma

cell surface marker CD138 and its potential role as a very early marker of apoptosis.

3.2.1 Dependence on Confluence

MOPC cultgre (2d) In the first preliminary experiment, MOPCs

100~ — were incubated for 2 days in RPMI 1640
5 80 . medium containing 1% and 10% FCS
% 60- T respectively, and seeded at different levels of
- | cell confluence. MOPC survival was then
§ wl b e evaluated by flow cytometry analysis of viable
o . %ﬁ . DAPI cells. Earlier reports have indicated that

Ooé ooé* ooé* MOPC viability can be dependent on external

& 5* ogf;\° 6?6“ factors such as IL-6, which can be produced
,\6’\:( o ,3\30 by some MM cell lines themselves, thus

creating an autocrine survival loop (74, 100,
Figure 8: Initial two day MOPC Culture. The bars 101) The experimental evidence from our

indicate the mean and SD for the overall survival of
MOPCs. The asterisks represent values that are INitial study confirmed this relationship:
significantly lower/higher when compared to each other

MOPC cells grown under optimal conditions
(**: p <0.005; *: p <0.05)

in medium with the addition of 10% FCS
demonstrated a survival rate of approximately 80%, while cells grown in a medium

supplemented with only 1% FCS revealed significant differences in survival rates in
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dependence of their cell density. Based on this data, a second experiment followed
including multiple, incrementing levels of cell density for MOPC cells grown under
suboptimal conditions in RPMI medium which was only supplied with 1% FCS.

MOPC culture (2d)

100+
80+
60+
40+ -

204

DAPI-PB

Percentage of live cells

1%FCS 10%FCS

Figure 9: Left: Follow-Up MOPC Cultures to test for dependence on confluence. The bars indicate the mean and SD for the
percentage of live, DAPI negative cells after the removal of cell debris and doublets. Right: Exemplary flow cytometry data
showing gating on viable, DAPI negative MOPCs after the removal of cell debris, grown in 1% FCS and seeded at 5%

confluence.

Once again, MOPC cells that were grown in a medium supplemented with 10% FCS
showed little difference in overall survival even within a wide range of confluence
(80.0% for 0.5% confluence and 85.0% for 20% confluence). On the other hand, the
frequency of viable cells cultured in a medium with 1% FCS revealed an increase
proportional to the confluence, reaching a plateau between 5% and 10% confluence
with a survival rate of 54.5% to 57.5%. Any increases in cell density thereafter had no
significant effect on overall viability. Correspondingly, MOPC survival began to decrease
for confluences lower than 5%.

As mentioned above, some myeloma cells lines can support their own survival through
the autocrine production of growth factors such as IL-6. At higher cell densities, this
could have a major impact on growth due to MOPCs potentially stimulating themselves,
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whereas on the other hand, their dependence on external growth factors would be much
more pronounced at lower cell confluences. Based on the promising results of these
preliminary experiments and due to the technical limitations involved in cell detection at
remarkably low cell counts, the optimal confluence for the forthcoming co-culture
experiments was thus determined to be 0.5% or 1000 cells per well (96-well plate).

Another value that was analysed in these precursory experiments was the fraction of
CD138 cells among all GFP” cells. Jourdan and colleagues (102) reported in 1998 that
the plasma cell surface marker Syndecan-1 was present only on viable myeloma cells
and quickly lost during early or intermediate stages of apoptosis. The results of our
investigation provided further evidence for this observation and revealed an inverse
relationship between Syndecan-1 and cell density: Decreasing levels of cell confluence
were associated with a higher percentage of CD138 among all GFP/DAPI" cells.
Based on the assumption that MOPCs would lose cell surface markers like CD138 more
readily and earlier than they would lose a protein located in the intracellular fluid itself
such as GFP, this could indicate that Syndecan-1 loss has the potential to represent
earlier stages of apoptosis. For this reason, the expression profile of CD138 on MOPCs
was included in the planning of future co-culture experiments, and will be analysed and

evaluated in the subsequent sections.

MOPC culture (2d)
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Figure 10: Left: Expression profile of CD138 in GFP" cells in the follow-up MOPC cultures tested for dependence on

confluence. The bars indicate the mean and SD for the percentage of CD138 cells among all GFP” cells.
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Figure 11: Exemplary flow cytometry data comparing the expression of CD138, Annexin V and DAPI of MOPCs grown over
two days in medium supplemented with 1% FCS and seeded at 0.5% confluence. While 43.7% of MOPCs were negative for

CD138 only 39.0% or 31.6% were positive for Annexin V or DAPI respectively.

3.2.2 Enrichment of Megakaryocytes

After determining the optimal seeding confluence of MOPCs, HNCs had to be isolated
in sufficient numbers of at least 10,000 cells per well to obtain a ratio of 10:1 for HNC
feeder cells to myeloma cells, while at the same time accomplishing satisfactory purity
and viability.

B and T lymphocytes, as well as granulocytes were successfully and consistently
isolated with a high purity and viability of over 85%. Cell viability was based on the
uptake of the nuclear dye DAPI, while purity was evaluated as the fraction of PE" cells
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of all gated cells after the removal of doublets and cell debris. After recovery from
spleen or bone marrow by primary staining of their respective cell surface markers, they
were marked with immunomagnetic beads and underwent manual cell separation
(MACS, Miltenyi Biotec). A detailed description of methods and materials employed can
be found in sections 2.2.2.4 to 2.2.2.6. Figure 12 shows exemplary flow cytometry data

that has been collected for these three cell types.

dead cells dead PE+ dead cells dead PE+ dead cells dead PE+
10° 40.515% 2.88% 10° 4 4.66% 4.74% 10° 4 1.98% 10.5%

DAPI-PB
DAPI-PB
DAPI-PB

live PE+
83.1%
T

IgD-PE CD4-PE Gran-BlO/Strep-PE

Figure 12: Flow Cytometry Data regarding purity of extraction for B cells (left), T cells (centre) and granulocytes (right)
after primary immunostaining and manual cell separation. All aforementioned cell populations were consistently isolated
at high purity (>85%) and viability (>85%).

Nonetheless, the isolation of viable megakaryocytes from bone marrow in sufficient
quantities and purity turned out to be more challenging due to their low frequency within
the bone marrow and technical difficulties based on their morphological properties and
required several modifications of experimental steps involved before adequate results
were achieved. As for the other cell types to be co-cultured, viability and purity of cells
extracted was analysed using flow cytometry. The first co-culture experiments involved
direct preparation of MKs from murine bone marrow via surface staining with CD41-
FITC and was followed by manual cell separation after magnetic labelling using anti-
FITC microbeads (MACS, Miltenyi Biotec). In this first attempt, absolute frequency and
purity of isolated megakaryocytes were unsatisfactory (6.72% of all gated cells) even

though the majority of isolated megakaryocytes was viable (87.47%) .
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Figure 13: Left: Exemplary flow cytometry data for the first MK extraction experiment. The majority of cells isolated were
viable (>95%), but only a small fraction was made up of CD41-FITC" megakaryocytes. Centre: Exemplary flow cytometry
data for late MK extraction protocol, involving three-day culture with IMDM medium and twofold manual cell separation
using LD cell separation columns. After the removal of cell debris, 60% of all gated cells were PE’, of which 75% were
viable. Right: Exemplary flow cytometry data for late MK extraction protocol, showing the MK negative fraction after

manual cell separation.

The following experiment was aimed to increase the absolute number of available MKs
by pre-culturing bone marrow from one BALB/c mouse in RPMI 1640 medium
containing 10% FCS for 3 days with additional stimulation by TPO at a concentration of
20 ng/mL. This experiment also evaluated the effects of two different cell separation
columns used during the manual cell separation steps, with the LD depletion column
showing a slight enrichment of MKs at 15.12% of all selected cells, of which 72.75%
were viable. The LS column, a positive selection column that had previously been only
used for granulocytes as well as B and T lymphocytes, produced an inferior result for
megakaryocytes, with a purity of only 3.84% at a 39.32% survival rate. For these
reasons, all future manual cell separations involving MKs were henceforth performed

with an LD column.

In order to further augment the absolute number of MK and MK progenitor cells, bone
marrow gathered from freshly harvested tibiae and femora of two BALB/c mice were
cultured for three days in IMDM medium as it has previously been described (103). A
more detailed description of any other supplements that were added to this medium can
be found under 2.2.2.2. In previous experiments, all isolated HNCs were kept in PBS
while their purity was analysed with MACSQuant. As the enhancement of MK
purification became more complex and time consuming, this proved to be rather

detrimental to the survival of HNCs. With all staining and washing steps considered, the
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total time between the primary extraction of HNCs and co-culture with MOPCs could
range between 5 and 6 hours. For this reason, HNCs were from this point on
resuspended in RPMI 1640 medium containing the respective concentrations of FCS at
which they would be later co-cultured in order to maintain their viability during the
course of the cell culture preparation. Other modifications included changing the primary
surface marker from CD41-FITC to CD41-PE e.g., which improved the accuracy of
discrimination between MKs and GFP/FITC-labelled MOPCs during flow cytometry
analysis. Additionally, a second sequential cell separation step using an LD column was
implemented to enhance MK separation. All of these factors combined generated a
purity of 60.30%, with 76.45% of all selected cells being viable.

Despite these promising results, the generation of appropriate numbers of MKs had to
undergo further calibration and enhancement, as total seeding time had meanwhile
increased to a maximum of 5.5 hours and some HNCs were already found to be in early
apoptosis at the time of seeding, as measured by their binding of Annexin V. To
effectively address this, a different separation technique, i.e. concentration of
megakaryocytes through the use of a bovine serum albumin (BSA) density gradient
instead of twofold manual cell separation using depleting LD columns, was considered.

An auxiliary experiment followed aiming to evaluate the efficacy of a BSA density
gradient in purifying MKs: Spare humeri from a previous co-culture experiment were
used to extract bone marrow and then added to a falcon tube containing BSA which had
previously been layered at different concentrations. A detailed description of materials,
methods and procedures involved in preparing this BSA density gradient can be found
under 2.2.2.3. After 30 minutes at ambient temperature, each fraction (Figure 6) was
recovered and stained with CD41-FITC and propidium iodide. The latter serves as a
DNA probe and allows the selection and separation of FITC® megakaryocytes and
platelets based on their Pl uptake, which ultimately is an indicator for DNA content and
ploidy. The measurement of megakaryocyte frequency and ploidy distribution for each
fraction was based on a modified technique of the methods described by Tomer et al.
(104): After the removal of cell debris, CD41" cells were electronically gated. In the
second step, Pl uptake was evaluated and plotted against the number of cells using a
histogram. Using this gating strategy, it was possible to determine the relative frequency
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of cells with variable DNA content for each fraction, thus helping to identify the fractions
that should be selected after density gradient separation in order to improve the
numbers of available megakaryocytes for the co-culture experiments. In this case,
Fraction 2 showed the greatest absolute number of CD41" cells, while Fraction 3
showed progressive increases in cellular DNA content, representing different stages of
MK maturation. Selection of these two fractions instead of all four during MK extraction
allowed the removal of 38% of bone marrow cells and an increase in the frequency of
available MKs to 2.17%, this is then followed by the staining of cell surface markers and

manual cell separation using immunomagnetic beads.

10° 4 FSC-A, CD41-FITC-A subset -~
J8.44% )

CD41-FITC

0 50K 100K 150K 200K 250K

FSC

Figure 14: Pseudocolor plot showing cells labelled with CD41 vs. forward scatter (FSC), approximating cell size. In this
BSA gradient experiment, CD41" cells were selected by electronically gating for the population shown above the horizontal

line in this figure. The selected population was then evaluated for Pl uptake as shown in the next figure.
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Figure 15: Propidium lodide histogram for CD41" population as gated in Figure 14, e.g. Top Left: Fraction 1 contains a
single peak with regard to Pl uptake and most likely does not contain MKs of different maturational stages; Top right:
Fraction 2 had the largest absolute frequency of cells positive for CD41 and with variable Pl uptake; Bottom left: Fraction 3
shows a great variety in DNA content reflecting different stages of MK maturation and ploidy. Bottom right: Fraction 4 also

shows a variety in Pl uptake, however it is also the fraction that contains the lowest number of cells.

Finally, cultivation of bone marrow from two BALB/c mice for 3 days in IMDM medium
containing TPO, the additional application of a BSA density gradient before surface
staining with CD41-PE, manual cell separation with one LD column, and optimizing the
preparation of bone marrow suspensions by cutting off the distal end of all pipettes as
described in 2.2.2.2 to account for the fragility of MKs, successfully produced
satisfactory results when MKs could be isolated at a purity of 61.23% with 74.58%
viability. Experimental procedures were arranged so as to minimize time lost between
each step, e.g. murine spleen and bone marrow were recovered during BSA density
gradient isolation or staining solutions were prepared during wash steps. All logistical
considerations and practical modifications considered, total seeding time was optimized

to a total of 4 hours and 20 minutes.
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HNC FCS1% FCS10%

PURITY | VIABLE | PURITY | VIABLE
B Cells 85.81% 87.08% | 86.62% | 90.05%
T Cells 71.50% 82.80% | 70.40% | 84.80%
Granulocytes 90.72% 87.33% | 88.61% | 87.97%
Megakaryocytes | 61.23% 74.58% | 56.41% | 82.43%

Table 8: HNC Purity and viability according to final extraction protocol.

3.2.3 Co-Culture Experiments

The primary aim of these co-culture experiments was to evaluate the influence of
different HNC populations in supporting the in vitro growth of murine malignant plasma
cells, using the example of the MOPC315.BM model. Employing the methods and
techniques described in the above sections, HNCs were isolated from BALB/c mice and
grown in co-culture with MOPC at a ratio of 10:1 (HNC to MOPC) for a total of 2 days.
Altogether, eleven experiments were required before all HNCs were successfully and
simultaneously isolated with sufficient purity and viability. MOPCs were seeded in
triplicates at low cell density (0.5% confluence or 1000 cells per well) in RPMI medium
containing either 1% or 10% FCS. MOPC growth and survival was assessed on day 0
and day 2 by means of flow cytometry using a combination of the DNA viability dyes,
DAPI and Annexin V as described in 2.2.2.9. Based on the results of the preliminary
experiments regarding cell confluence, the fraction of CD138  cells among all GFP*
MOPCs was also evaluated. MOPCs that were grown alone were considered the
control group (CTRL) and values for all other co-cultures were evaluated in reference to
this.
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Figure 16: Exemplary flow cytometry data for MOPC grown alone and in co-culture with HNCs on day 0 in RPMI medium

containing 1% FCS.

Megakaryocytes support murine myeloma cell growth under suboptimal conditions

After two days in culture, total MOPC cells were quantified by flow cytometry
(MACSQuant, Miltenyi BioTec) using the same electronic gating that had been in place
during day 0 analysis and which was performed immediately after seeding had occurred
(ref. Fig 16). With regard to the absolute cell number of MOPCs grown in medium
supplemented with 1% FCS, the control group exhibited a mean growth of 164.85%
after two days. Megakaryocytes and granulocytes both represent haematopoietic niche
components and have been described earlier. Co-Culture of MOPCs under suboptimal
conditions with these cell types resulted in a significant increase of total MOPCs. In
comparison to granulocytes, megakaryocytes especially supported MOPC growth and
demonstrated a manifest two-fold increase in MOPC numbers (p <0.05) corresponding
to a growth rate of approximately 270%. B and T lymphocytes had no effect on MOPC
growth and their cell numbers closely matched the ones for the control group.

When compared to MOPC cells grown in medium containing 10% FCS,
megakaryocytes had no distinctive supportive effect on cell counts and growth. Co-
cultivation of MOPCs with all other cell types under these conditions resulted in higher
plasma cell numbers that were statistically significant (p <0.05); this increase however
was not correlated with significantly different growth rates (refer Table 9).

50



TOTAL MOPC COUNT on D2

8000+
= 60004
(]
: ‘i- o W
E o
= 4000 4 %
o
= E
2000+
»E e ¥
0 T T T —
N & & 2 2 N & & 2 2
’\Qy 00\\ 00\\ G{@’ o%& «Qy OQ}\ Oe}\ 04@ (ﬁ\e’
O o A7 ¢ O o AT O
O > O O SIS
S & & &
FCS 1% FCS 10%

Figure 17: Total MOPC cell counts after (co-)cultivation in RPMI 1640 medium for two days with either 1% FCS or 10% FCS.

Data points represent triplicate values from final experiment, mean and SD are shown.

HNC MEAN STD MEDIAN | p <0.05
FCS1% | MOPC 164.85% | 19.82%

B Cells 166.52% | 30.24%

T Cells 183.40% | 26.40%

Granulocytes 227.75% | 37.33%

Megakaryocytes | 267.53% | 47.13% v
FCS10% | MOPC 649.43% | 159.57% | 680.73%

B Cells 696.68% | 76.47%

T Cells 881.72% | 80.26%

Granulocytes 732.88% | 165.20% | 728.96%

Megakaryocytes | 461.40% | 17.78%

Table 9: Total MOPC cell growth after culture in RPMI supplemented with 1% FCS or 10% FCS for two days. Average mean
based on triplicate values from final experiment with standard deviation, median and significantly different means (p<0.05)

when compared to control group

Megakaryocytes support the survival of myeloma cells under suboptimal conditions

After evaluating the changes in total MOPC cell numbers depending on co-cultivation
with different HNC populations, flow cytometry analysis now focused on the overall
survival of MOPCs, employing the viability dyes DAPI and Annexin V to establish
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subgroups of live, early-apoptotic and late-apoptotic MOPCs as described above in
2.2.2.9.

The first parameter to be analysed was the ratio of viable, i.e. DAPI and Annexin V
negative myeloma cells on day 2 in comparison to the day of seeding. When grown
under suboptimal conditions, there were approximately 1.5 times as many viable cells
on day 2 than day 0 for the control group. While this increase in live cells was consistent
for all other cell types, co-cultivation with megakaryocytes specifically substantiated the
strongest supportive effect on survival and was associated with a three-fold increase in
viable cells (p<0.05) over two days, complementing the changes in absolute MOPC
numbers and growth associated with co-cultivation with megakaryocytes as observed
above. When grown in medium supplemented with 10% FCS, there was no significant
effect of any HNC or B cells and T cells on the ratio of viable cells after two-day

cultivation.
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Figure 18: Ratio of viable MOPCs on day 2 compared to day 0. Data points represent triplicate values from final

experiment, mean and SD are shown.

In comparison to the ratio of viable cells on day 2 and day O, the relative fraction of
viable (DAPI and Annexin V negative) and early apoptotic (DAPI negative, Annexin V
positive) MOPC cells after two-day cultivation provided additional insights with regard to

the influence of the different cell types that were examined on overall plasma cell
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survival. On average, a monoculture of MOPCs resulted in approximately 85% viable
and 10% early apoptotic cells. MOPCs grown in conjunction with megakaryocytes in
RPMI medium containing 1% FCS yielded the highest relative frequency of live cells
with a mean of 93.07% (p<0.05), while simultaneously demonstrating a four- to five-fold
decrease in the overall fraction of early apoptotic cells (median 2.11%, p<0.005) when
compared to control. Co-cultivation with granulocytes on the other hand was correlated
with a slight, statistically not significant increase in MOPC viability (mean 88.13%) and
approximately half as many early apoptotic cells (mean 5.78%, p>0.05). It should also
be noted that MOPCs grown with B lymphocytes were associated with a statistically
significant lower proportion of viable cells (mean 82.22%, p <0.05) and a higher
proportion of early apoptotic cells (mean 12.02%, p <0.05).

Under optimal conditions, i.e. in medium supplemented with 10% FCS, co-cultivation
with T lymphocytes was linked to a significantly lower percentage of viable cells (mean
84.37%, p <0.05) in comparison to the control group (mean 93.10%). There was no
significant effect of any HNC or B and T cells on the relative frequency of early apoptotic
cells.
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Figure 19: Relative frequency of live (DAPI and Annexin V negative) and early apoptotic (DAPI negative and Annexin V
positive) MOPCs after culture in RPMI 1640 medium with either 1% FCS or 10% FCS for two days. Data points represent

triplicate values from final experiment, mean and SD are shown.
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To summarize, this data confirms that megakaryocytes support MOPC growth and
survival, with an emphasis on the latter as evidenced by overall higher frequencies of
viable cells and a lower percentage of early apoptotic cells when compared to the
control group. This supportive effect of megakaryocytes can be seen in particular under
suboptimal conditions and is in agreement with the notion that megakaryocytes
constitute an important component of the haematopoietic survival niche through the
production of pro-survival cytokines and thus promote the survival of plasma cells.

CD138 is a potential marker of early apoptosis

Based on the promising results during the incipient confluence experiments, the last
parameter to be evaluated was the expression profile of the plasma cell surface marker
CD138 or Syndecan-1 as a potential marker of early apoptosis for MOPCs. Firstly, all
GFP* MOPCs were selected by electronic gating and subdivided into a Syndecan-1
positive and negative population. The latter was then further analysed for expression of
Annexin V. Under suboptimal conditions, i.e. in the medium supplemented with 1%
FCS, MOPCs co-cultured with MKs possessed the lowest fraction of CD138 cells
(mean 9.04%, p <0.005) in comparison to the MOPC control group (mean 13.67%),
which is in accordance with the earlier observation that megakaryocytes promote the
survival of murine multiple myeloma cells. When grown in the medium with 10% FCS,
MOPCs co-cultured with T lymphocytes (mean 5.28%) and granulocytes (mean 5.50%)
exhibited a slight, but statistically significant (both p<0.05) higher percentage of CD138"
MOPCs than the control group (mean 3.86%).
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Figure 20: Percentage of CD138/GFP* MOPCs after (co-) cultivation in RPMI 1640 medium with either 1% FCS or 10% FCS

for two days. Data points represent triplicate values from final experiment, mean and SD are shown.

MEAN STD MEDIAN | p <0.05

FCS1% | MOPC 53.70% | 5.05%

B Cells 54.53% 8.41%

T Cells 47.87% | 7.51%

Granulocytes 53.00% 6.36%

Megakaryocytes | 29.77% 25.31% | 41.70%
FCS10% | MOPC 45.00% 1.13%

B Cells 58.63% | 6.65%

T Cells 56.03% | 3.16%

Granulocytes 43.73% 3.35%

Megakaryocytes | 40.43% 4.22%

Table 10: Percentage of Annexin V' of all CD138" MOPCs after culture in RPMI with 1% FCS or 10% FCS for two days.
Average mean based on triplicate values from final experiment with standard deviation, median and relative change when

compared to control group.

Based on the assumption that the shedding of CD138 could represent an earlier stage
of apoptosis, the following examination compared the overall percentage of early
apoptotic MOPCs to that of Syndecan-1 negative MOPCs after two days growth in co-
culture. Under suboptimal conditions, this was associated with a significantly higher
fraction of CD138" than Annexin V positive cells for the control group (p <0.005) as well
as for T cells (p <0.005), granulocytes (p <0.05) and megakaryocytes (p < 0.005). When
grown under optimal conditions, differences between Annexin V positive and CD138
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negative MOPCs were only significant for B Cells (p <0.05) however, these changes

were associated with a decrease in the percentage of CD138" cells for all cell types that

were analysed.

AnnexinV+ | CD138- | p <0.05

FCS1% | MOPC 10.05% 13.67% |V

B Cells 12.02% 14.63%

T Cells 9.94% 14.63% |V

Granulocytes 5.78% 1236% |V

Megakaryocytes | 2.11% 9.04% v
FCS10% | MOPC 5.30% 3.86%

B Cells 4.74% 3.57% | ¥

T Cells 5.66% 5.28%

Granulocytes 5.87% 5.50%

Megakaryocytes | 4.06% 3.72%

Table 11: Comparison of relative frequency of Annexin V' and CD138° MOPCs on day 2. Data based on average mean

values from figures 19 and 20.

The final analysis juxtaposed the expression patterns of Annexin V and CD138 in
MOPCs and demonstrated a clear dichotomy between MOPCs that are either positive
for Syndecan-1 or positive for Annexin V, in concordance with previous research by
Jourdan and colleagues (102), who showed that Syndecan-1 was present on viable,
This

observation was consistent for all cell types and indicates that the loss or shedding of

human myeloma cells and was rapidly lost upon induction of apoptosis.

Syndecan-1 could be a promising marker for very early, intermitting apoptosis that

would precede externalization of phosphatidylserine as measured by Annexin V uptake.
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Figure 21: Exemplary flow cytometry Data juxtaposing the expression of CD138 vs. Annexin V for gated MOPCs on day 0
(left) vs. day 2 (right).
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4. Discussion
4.1 Discussion of Main Results

411 Megakaryocytopoiesis and Plasma Cell Survival

Long-lived plasma cells in the bone marrow possess a crucial role in the pathogenesis
of diseases associated with the production of autoreactive or malignant antibodies.
Their prolonged survival depends on anti-apoptotic stimuli generated inside a suitable
microenvironment, the so-called multi-component plasma cell survival niche composed
of cellular and humoral components (2); among the former, cells of haematopoietic
origin including megakaryocytes (34), eosinophils (30), basophils (31, 32), monocytes
and other myeloid cells like dendritic cells and macrophages (29) have been implicated
to promoting plasma cell survival by producing and providing essential pro-survival
cytokines such as IL-6, APRIL or BAFF (35).

Among these, megakaryocytes represent one particularly important haematopoietic
niche component, as evidenced by c-mpl knockout mice that presented with lower
numbers of plasma cells in accordance with lower megakaryocyte counts (34).
Similarly, eosinophils (30) have also been shown to co-localize with long-lived plasma
cells in their bone marrow survival niches, and eosinophil depletion has also been
correlated with the loss of plasma cells. The principal objective of this thesis was to
investigate the influence of megakaryocytes and megakaryocytopoiesis on the survival
of plasma cells within their niches in autoimmune disease using the example of SLE as

well as in malignant neoplastic disease using the example of multiple myeloma.

41.2 Gene Sequence Analysis of c-mpl Exon 5

In the first part of this thesis, genomic DNA from a cohort of 40 SLE patients was
amplified and screened for a mutation in exon 5 of the c-mpl gene, the receptor for TPO
and a key regulator of megakaryocytopoiesis. Mutations in this gene can be either loss-
of-function mutations as it has been previously described for congenital

amegakaryocytic thrombocytopenia (105) or gain-of-function mutations as seen in
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familial essential thrombocythaemia (106). The analysis performed in this study was
based on previous research by Chen and colleagues (42) who identified the presumed
minimum-binding domain for TPO within the c-mpl cytokine receptor of which amino

2% and Leucine®® in exon 5 have been outlined as particular

acid residues Aspartate
crucial binding sites for TPO interaction. In addition to this, unpublished data from our
research group described a single nucleotide polymorphism in proximity of this gene
location in SLE-prone mice. In this context, the primary working hypothesis was that
evidence for a similar mutation in the human thrombopoietin receptor gene of SLE
patients could be associated with an increased activation of downstream signalling
pathways that are involved in megakaryocytopoiesis. In turn, an increase in the number
of available megakaryocytes should be accompanied by more favourable survival
conditions for autoreactive plasma cells due to an augmented production of pro-survival
cytokines like IL-6 and APRIL. However, there have only been rare reports of
thrombocytosis in SLE while on the other hand lupus-associated thrombocytopenia has

previously been linked to the presence of anti-c-mpl antibodies (107).

This study could not draw a proper conclusion with regard to this issue: No mutation
within exon 5 of the human c-mpl gene was found by me, and a subsequent
examination of downstream signalling using an enzyme-linked immunosorbent assay
(ELISA) showed a different pattern of phosphorylation of Akt in both NZB and NZW
mice. There was however, no conclusive evidence for an increased phosphorylation of
Akt in these mice. Nonetheless, this does not exclude the existence of a potential SNP
in another gene locus with the ability to modify c-mpl function or that other signalling
pathways other than PI3K/Akt could be affected in SLE.

It should be noted that this analysis was performed in a small cohort of only 40 SLE
patients and future studies could deliver more insight when a larger population is
recruited and examined. Initially, these studies could investigate whether SLE patients
have a higher megakaryocyte count than healthy subjects. Research could also focus
on potential mutations within the other exons that encode for the extracellular cytokine
receptor domain, namely exons 2 to 9. In addition to this, there have been reports of
point mutations in other regions of the c-mpl gene like the transmembrane or
juxtamembrane region correlating with an activation of c-mpl signalling pathways

despite the absence of TPO and presenting with clinical signs typical of
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myeloproliferative disorders (108). Likewise, an examination of other downstream
signalling cascades such as MAPK/ERK (66) or JAK/STAT (67) as well as non-TPO-
dependent signalling pathways such as notch and integrin signalling or the
CXCL12/CXCR4 axis (109) could be considered for future research in order to elucidate
potential alterations in megakaryocytopoiesis and their resulting influence on the

longevity of autoreactive long-lived plasma cells within the bone marrow survival niche.

41.3 Co-Culture Experiments with MOPC315.BM

4.1.3.1 MOPC Growth in Dependence of Confluence

The second, subsequent part of this thesis similarly aimed to investigate the influence of
megakaryocytes on the survival of (malignant) plasma cells by co-culturing selected
haematopoietic niche components in conjunction with the murine MOPC315.BM cell
line. MOPC315.BM myeloma cells can be used to study the microenvironment of long-
lived plasma cells as they express CXCR4, which mediates homing and adhesion of
cells to the bone marrow survival niche by acting as a receptor for CXCL12 produced by
CAR cells. Recent research by Wong et al. (110) demonstrated that MOPC315.BM
growth could be stimulated by the external growth factors IL-6 and APRIL which to a
large part are produced by megakaryocytes as mentioned above. Earlier studies have
shown that IL-6 is an essential tumour growth factor in multiple myeloma (111) as well
as being involved in myeloma-associated drug-resistance (112). In their investigation,
MOPCs were seeded at low or high cell density and cultivated in medium that contained
either 1% or 5% FCS. When seeded at low cell confluence, the addition of the pro-
survival cytokines IL-6 and/or APRIL led to an increased growth of MOPCs irrespective
of the concentration of FCS that had been added to the medium. At higher cell
confluences however, this effect was not as prominent, suggesting that under these
given conditions the need for external growth factors is diminished. This can be
explained by the fact that myeloma cells possess the ability to stimulate themselves
through autocrine production of IL-6 as previously reported by Frassanito and
colleagues (74) or also by supplying additional cell-to-cell contacts as proposed by the

authors themselves (110).
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Our incipient experiments confirmed this dependence on confluence for MOPCs grown
in vitro: Cell density had virtually no impact on the frequency of MOPC survival when
cultured in medium containing 10% FCS, whereas there were vast differences when
these cells were cultured in medium containing only 1% FCS: Any MOPCs that were
grown at cell densities higher than 1-5% confluence were not linked to a higher rate of
surviving cells, suggesting that a seeding confluence of less than 1% will ensure that
MOPCs are dependent on external survival factors and are at the same time not
capable of auto-stimulation. Cell confluences lower than 0.25% (500 cells) did not yield
a utilisable result, possibly due to cells being lost during the process of staining.
However this did not have an impact on the seeding confluence of 0.5% (1000 cells)
that was ultimately chosen for the co-culture experiments.

4.1.3.2 Megakaryocyte Extraction

Regarding the subsequent experimental course of this thesis, the separation of
megakaryocytes from bone marrow proved to be one of the more challenging parts of
the co-culture experiments, due to their morphological properties, their tendency to
aggregate, and their relative distribution in the bone marrow. They are more fragile due
to their larger cell size and therefore more susceptible to destruction by shearing forces
and they only constitute approximately 0.1% of all nucleated cells within the bone
marrow (113). Over the last few decades, a variety of techniques have been proposed
to increase the number of purified megakaryocytes for in vitro use: Velocity
sedimentation (114), density gradient centrifugation (115), counterflow centrifugal
elutriation (116), fluorescence-activated cell sorting (117) and manual cell separation
using immunomagnetic beads (118) to name but a few. After various attempts, we
successfully isolated megakaryocytes in sufficient numbers for co-cultivation by means
of a combination and adaptation of several techniques: Firstly, a 3-day bone marrow
culture that was stimulated with TPO in order to increase the total number of available
megakaryocytes (103), enhancing cell purification through a BSA density gradient
centrifugation (modified from Nakeff et al. (115)) and primary surface staining with
CD41-PE followed by magnetic activated cell sorting (118). All suspension steps were
performed with the distal end of the pipette tip cut off as previously described and
suggested by Levine et al. (95).
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The removal of the distal pipette tip proved to be one of many crucial features that
enabled the successful isolation of megakaryocytes for the purpose of cultivation.
Damage to the cell membrane when single cells suspensions were created could have
been responsible for a higher fraction of dead or apoptotic cells during earlier cell
preparations. Attempts to improve the purity of megakaryocyte extraction also included
modification of manual cell separation techniques e.g. by depletion of unwanted cells
followed by positive selection of CD41" cells. However, it should be taken into account
that with regard to the experiments performed in this thesis the total extraction time of
HNCs turned out to be a decisive limiting factor: For this reason, the introduction of any
additional purification step would have to be carefully considered as it could potentially
have a tremendous impact on the overall survival of the isolated cells. A potential
strategy to address this is to increase the total number of available megakaryocytes that
can be harvested and to further evaluate and optimize the conditions in which purified
megakaryocytes can survive as long as possible before being seeded in co-culture with
MOPCs: Panuganti et al. e.g. recently described a method that promoted in vitro
expansion and maturation of megakaryocytes by optimizing environmental conditions in
terms of providing optimal pH and partial oxygen pressure in conjunction with a mix of
several cytokines including TPO, SCF in high doses, as well as IL-3, IL-6 and IL-11
(119).

4.1.3.3 Megakaryocytes Support MOPC Growth & Survival

Megakaryocytes have been shown to co-localize with long-lived plasma cells (34) and
MOPCs (110), they home in to the plasma cell niche via the CXCL12/CXCR4 axis and
presumably contribute to the multi-component plasma cell niche in autoimmune disease
and multiple myeloma by being a major source of the aforementioned pro-survival
cytokines IL-6 and APRIL, which support both long-lived plasma cells and myeloma
cells (32, 34, 69).

Complementing these previous observations, it is demonstrated here that MKs are
capable of supporting MOPC growth in vitro: Co-cultivation with megakaryocytes under
suboptimal conditions in medium with added 1% FCS was associated with the highest
increase of total MOPC cell numbers and was also accompanied by the largest growth

61



rate over two days. This effect did not persist when MOPCs were cultivated in medium
containing 10% FCS. Notably, co-culture with MKs also revealed an even more
pronounced effect on the survival of myeloma cells: MOPCs grown together with
megakaryocytes did not only represent the population with the highest number of viable
cells after two days, but co-cultivation was also associated with the highest percentage
of total viable cells and the lowest fraction of early apoptotic and CD138" cells. Once
again, this result was only observed under suboptimal conditions, for MOPCs grown in
medium supplemented with 1% FCS, indicating that these supportive properties of
megakaryocytes might only be relevant under suboptimal conditions at which MOPCs

are most dependent on the external supply of local growth factors by appropriate HNCs.

4.1.3.4 Influence of Granulocytes on MOPC Growth &

Survival

Granulocytes have also been shown to contribute to the plasma cell niche: Previous
research by Chu and colleagues demonstrated that eosinophils, which also express
CXCR4 and hence can be recruited to the survival niche via CXCL12, are localized in
close proximity to long-lived plasma cells and contribute to plasma cell survival by
producing the survival factors APRIL and IL-6 as well as supporting the differentiation of
plasma blasts to plasma cells (30). Denzel et al. (32) described a similar role for
basophils: IL-6 and IL-4 derived from activated basophils was associated with B cell
proliferation and supported antibody production in the presence of activated T cells. As
shown here, granulocytes supported both the growth and survival of the MOPC315.BM
cell line, but not to the same extent as co-cultivation with megakaryocytes did.

Nonetheless, it should be taken into account that granulocytes were not separated into
their subtypes for the purpose of co-cultivation with MOPCs. A preliminary experiment
attempting to sort eosinophils, neutrophils and basophils by means of flow cytometry
was not successful, as the isolated cells were not viable and therefore not suitable for
co-cultivation. Since the primary focus of this thesis was to elucidate the impact of
megakaryocytes and megakaryocytopoiesis on plasma cell survival, and since
performing an additional sorting step would have further increased the total recovery

time for all isolated cells, granulocytes were purified as a whole and co-cultured as such
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with MOPCs. As a result, the supportive effect of granulocytes on MOPC growth and
survival observed in these co-culture experiments cannot recognizably be attributed to
the influence of a single granulocyte population like eosinophils or basophils alone, as
previous research would indeed suggest. Moreover, neutrophils constitute the vast
majority of all granulocytes and it cannot be ruled out with certainty that they represent
one of the cell populations responsible for supporting MOPCs in co-culture, as they also
co-localize with plasma cells and have recently been implicated as a key component of
the BM microenvironment in human SLE and murine models as evidenced by local
production of IFN-a, APRIL and BAFF (33). Based on these facts, a prospective study
could, e.g. focus exclusively on the examination of granulocyte subpopulations and their
supportive effect on MOPC growth and survival, in conjunction with a study of cytokine
production for each cell population.

4.1.3.5 CD138 is a Suitable Marker for Very early Apoptosis

Syndecan-1 or CD138 is a heparan sulfate proteoglycan that functions as an integral
membrane protein and mediates various tasks, including cell signalling, proliferation and
binding to extracellular matrix proteins. Its expression is subject to up- and down-
regulation during B Cell differentiation (120), it serves as an immunohistochemical
marker for both normal and malignant plasma cells (121) and high serum levels are
correlated with a poor clinical outcome in patients with multiple myeloma (83). Several
findings indicate that Syndecan-1 plays a key role in the pathogenesis of MM: Yang et
al. (122) found that CD138 was able to promote tumour growth and metastasis in an in
vivo model of multiple myeloma, while other research revealed its role as an important
regulator of the bone marrow microenvironment, e.g. by mediating intercellular adhesion

of myeloma cells (123) or to type 1 collagen (124).

Jourdan et al. have demonstrated that Syndecan-1 is only found on viable multiple
myeloma cells and promptly released during early apoptosis (102). The experimental
data put forward in this thesis is in agreement with this and revealed a distinct
dichotomy of MOPCs that are positive for either CD138 or Annexin V, independently of
the cell population that they were co-cultured with. In combination with an intermediary
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population of cells that had already lost CD138, but was still negative for Annexin V, this
observation could be possibly explained by an apoptosis sequence in which MOPCs
lose the plasma cell surface marker CD138 first before externalizing phosphatidylserine
from the cytoplasmic side to the outer cell membrane which then can be detected and
measured by Annexin V. Together, these results indicate that the loss or shedding of
Syndecan-1 is a promising marker for very early, intermitting apoptosis preceding
Annexin V uptake.

Staining for CD138 could be used in combination with other viability dyes in subsequent
studies to evaluate plasma cell survival, while selective gating strategies could allow the
identification of distinct subpopulations each representing a separate stage of
apoptosis. Nevertheless the dichotomy between CD138 expression and Annexin V
uptake was observed in experiments with malignant plasma cells and will require further
analyses with normal plasma cells in order to ascertain whether the shedding of CD138
is indeed an appropriate marker for very early apoptosis. At the same time, the
immediate loss of CD138 upon the initiation of programmed cell death also implies that
cell samples have to be handled with great care and that environmental conditions,
including the kind of medium used, temperature, pH etc. can have a great impact on cell
survival and consequently CD138 expression.

4.2 Outlook and Concluding Remarks

Long-lived plasma cells require a special microenvironment with specific conditions
guaranteeing continuous survival. The multi-component plasma cell niche has been at
the centre of ongoing research regarding the pathogenesis of diseases involving
autoreactive or malignant plasma cells and the vast multitude of elements that are
implicated permits an extensive selection of promising targets for further examination.
Insights gained from these studies can potentially open up new treatment options — in
particular to provide alternatives for patients that are refractory to conventional therapy.
In autoimmune disease such as SLE, an effective intervention could combine depletion
of short-lived plasma cells (e.g. with rituximab) with specifically targeting one or several
of the many mechanisms involved in the maintenance of LLPCs within their survival

niche. It should however be noted that protective antibodies could also be affected by

64



such a treatment, possibly explaining some adverse events observed in randomized

clinical trials associated with B cell targeted therapy.

Megakaryocytes have been previously described as a key haematopoietic niche
component, and the primary focus of this thesis was to confirm their influence on
plasma cell survival. The significance of the experimental evidence put forward here
merits further investigation in greater depth, as megakaryocytes were shown to promote
the survival and growth of murine malignant plasma cells in co-culture. These in vitro
observations also complement the findings by Wong et al. who demonstrated in vivo
that MOPC.315BM cells co-localize with megakaryocytes (110). Furthermore, Winter et
al. previously showed that manipulation of megakaryocyte counts had a noticeable
impact on the survival of plasma cells: Stimulation with TPO was correlated with higher
plasma cell numbers during a specific immune response, whereas c-mpl-deficient mice

showed an absolute reduction of plasma cells in the bone marrow (34).

Aside from megakaryocytes, there are other HNCs implicated in the multi-component
plasma cell survival niche such as eosinophils, basophils and neutrophils, and detailed
studies of distinct granulocyte subpopulations could confirm a stimulatory effect on
plasma cell survival as suggested earlier. Likewise, this can be applied to other cells
with potential involvement including monocytes (125), dendritic cells (126) and
macrophages (127) or osteoclasts for the survival niche in multiple myeloma (75). The
stromal cells that constitute the scaffolding framework within the bone marrow
microenvironment also represent a prospective target for future research: Patterns of
recruitment, homing and adhesion to the niche, mainly mediated by the CXCR4-
CXCL12 and to a smaller extent by the VCAM-1-VLA4 axis, have a profound effect on
the relative distribution of niche components and soluble cytokines and can influence
long-term plasma cell survival. Manipulation on a ligand (CXCL12 or VLA4) or receptor
(CXCR4 or VCAM-1) level could thus impede cell adhesion and attachment or even
induce dislocation of resident plasma cells, as already indicated by continuing research
with CXCR4 inhibitors such as AMD3100 (91). CD28 is a co-stimulatory molecule found
on T cells and its signalling has also been linked with the long-term survival of bone
marrow plasma cells in murine experimental studies (128) as well as human myeloma

cells (129) and might potentially open up additional treatment options.
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HNCs as well as stromal CAR cells contribute to the multi-component plasma cell niche
by producing cytokines that confer resistance to apoptosis. Of these, APRIL, BAFF and
IL-6 have been extensively studied and specified as essential survival factors for
LLPCs, yet there is no scarcity of other growth-promoting cytokines that might also be
implicated, including IGF-1 (130), TNF-a, TGF-8, VEGF, IL-4 and IL-5 (37, 131).
Experimental evidence by Cassese and colleagues showed that long-lived plasma cells
require stimulation by not one but multiple growth factors acting together in synergy
(37). Megakaryocytes and eosinophils are found in close proximity to LLPCs and both
have been put forward as major local sources of either IL-6 or APRIL (30, 34) in the
bone marrow survival niche, a role that is also assumed by osteoclasts in the MM
microenvironment. Belimumab, a monoclonal antibody against BAFF, has recently been
approved for the treatment of SLE. Large-scale clinical trials have confirmed a mild
beneficial effect that allowed for lower prednisone doses and was correlated with
reduced disease activity (132). Atacicept, on the other hand, is a recombinant fusion
protein between human IgG and the TACI receptor, which can inhibit both APRIL and
BAFF. Despite encouraging results owing to reduced titres of anti-dsDNA antibodies
and a decrease in the overall B cell count, there have been safety concerns due to two
fatal infections which were however not associated with hypergammaglobulinaemia
(133, 134). Tocilizumab is a monoclonal antibody against the IL-6 receptor and is mainly
used for the treatment of rheumatoid arthritis. One open-label phase | study in patients
with SLE showed an improvement in disease activity scores and lower levels of
antibodies against double-stranded DNA (135). In summary, targeting individual survival
factors on a receptor level (IL-6 receptor or TACI receptor antibody) has the potential to
complement already existing therapeutic regimens: Thalidomide e.g. is an
immunomodulatory drug that down-regulates the production of IL-6 within the bone
marrow survival niche in MM (136), while the proteasome inhibitor Bortezomib down-
regulates the transcription of VEGF, IGF-1 and IL-6 (137) and suppresses signalling
cascades mediated by IL-6 (138).

To conclude, understanding megakaryocytopoiesis, including the detailed mechanisms
that control cell survival and proliferation has the potential to deliver new insights into
the pathogenesis of diseases defined by an aberrant production of autoimmune or
malignant antibodies by long-lived plasma cells. The mechanisms that define the

maintenance of LLPCs in their bone marrow niche are being progressively researched
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and new discoveries permit the development of alternative therapeutic strategies, which
can modify specific components of the bone marrow survival niche. One promising
novel strategy that could influence plasma cell survival may be to target a combination
of several niche components: Depleting cellular components such as megakaryocytes
and eosinophils simultaneously, in conjunction with blocking the function of essential
pro-survival cytokines, has the potential to alter the composition of the
microenvironment and deprive plasma cells of vital anti-apoptotic cues. Combined
therapeutic strategies such as these can minimize the toxicity of conventional
immunosuppressive treatment and improve overall clinical benefit for patients by
reducing treatment-associated side effects and can manage disease flare-ups and
progression by preventing the regeneration of pathogenic antibodies.
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6. Abbreviations
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APC
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BrdU
BSA
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CD
cDNA
CFU
CXCL12
CXCR4
DAPI
DNA
dsDNA
DRFZ
EDTA
ELISA
FACS
FCS
FITC
GFP
GSK-3pB
HEPES
HNC

g
IGF-1

Acetyl-3, 7-dihydroxyphenoxazine
Allophycocyanin

A Proliferation-Inducing Ligand

B Cell Activation Factor

B Cell Maturation Antigen

Bone Marrow

Bone Marrow Endothelial Cells

Bone Marrow Stromal Cells
Bromodeoxyuridine

Bovine Serum Albumin
CXCL12-abundant reticular cell
Cluster Of Differentiation
Complimentary DNA

Colony-Forming Unit

C-X-C motif chemokine 12

C-X-C chemokine receptor type 4
4’6-Diamidino-2-Phenylindole
Deoxyribonucleic acid
double-stranded DNA

Deutsches Rheumaforschungszentrum
Ethylenediaminetetraacetic Acid
Enzyme-linked Immunosorbent Assay
Fluorescence-activated Cell Sorting
Fetal Calf Serum

Fluorescin Isothyocynate

Green Fluorescent Protein

Glycogen Synthase Kinase 3 Beta
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Haematopoietic niche cells
Immunoglobulin

Insulin-Like Growth Factor 1
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MK
MM
MOPC
MPL
mTORC2
NF-kB
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OPG
PI3K
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PC

PE

PEG-rh MGDF
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RANK
RANKL
rhTPO
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SCID
SDF-1
SD
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Janus Kinase2
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kilobase
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Mitogen-activated Kinase Extracellular Signal-Regulated Kinase
Monoclonal Gammopathy Of Undetermined Significance
Major Histocompatibility Complex

Megakaryocyte

Multiple Myeloma

Mineral Oil Induced Plasmocytoma

Myeloproliferative Leucaemia Virus

Mammalian target of rapamycin complex 2
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Osteoprotegerin
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Standard Deviation
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SLEDAI
SMM
SNP
STAT
STD
TACI

TNF-a
TGF-B
TPO
VCAM-1
VEGF
VLA-4

Systemic Lupus Erythematosus

Systemic Lupus Erythematosus Disease Activity Index
Smouldering Multiple Myeloma

Single Nucleotide Polymorphism

Signal Transducer and Activator of Transcription
Standard Deviation

Transmembrane Activator And Calcium-Modulator And Cyclophilin
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Tumour Necrosis Factor Alpha

Transforming Growth Factor Beta

Thrombopoietin

Vascular Cell Adhesion Molecule 1

Vascular Endothelial Growth Factor

Very-Late Antigen-4
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