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Zusammenfassung

Leukdmien sind eine heterogene Gruppe von Neoplasien, bei denen eine
unkontrollierte Vermehrung bosartiger Zellen, so genannter Leukamiezellen, zu einer
abnormen Blutbildung im Knochenmark (KM), in der Milz und in den Lymphknoten
fuhrt. Die Leukamiezellen wachsen auf Kosten des normalen blutbildenden Systems,
was zu lebensbedrohlichen Symptomen wie Anamie, Thrombozytopenie und
Immunschwache fuhrt. Je nach der Abstammung der neoplastischen Zellen und dem
zeitlichen Auftreten der Krankheit werden diese bdsartigen Erkrankungen in vier
Haupttypen eingeteilt, die wiederum in weitere Untertypen unterteilt werden:
chronische myeloische Leukamie (CML), akute myeloische Leukdmie (AML),
chronische lymphatische Leukamie (CLL) oder akute lymphatische Leukamie (ALL).
In unserer Studie konzentrierten wir uns auf die B-Zell ALL (B-ALL), die das Resultat
einer unkontrollierten Vermehrung bdésartiger B-Zellen ist und am haufigsten bei
Kindern zwischen zwei und funf Jahren auftritt. BCR-ABL1, ein Onkogen, das durch
die reziproke Translokation zwischen den Chromosomen 9 und 22, t(9;22), gebildet
wird, fuhrt zur Produktion einer konstitutiv aktiven Kinase und ist ein Kennzeichen der
CML. Es ist auch in 3-5% der padiatrischen und 25% der erwachsenen B-ALL-Falle
vorhanden. Insgesamt ist die Prognose der B-ALL mit einer 5-Jahres-Uberlebensrate
von 85% bei Kindern recht gut, wahrend sie bei Erwachsenen aufgrund der hohen
Ruckfallrate deutlich schlechter ist. Die Haufigkeit von Ruckfallen bei BCR-ABL1+,
aber auch bei BCR-ABL- B-ALL, ist ein Hindernis fir die dauerhaft erfolgreiche

Behandlung und macht die Entdeckung neuer Zielstrukturen zu einer Notwendigkeit.

Die Mikroumgebung des Knochenmarks ist eine komplexe Einheit aus

mesenchymalen Stromazellen (MSZ), Osteoblasten und Osteoklasten, Immunzellen,



der extrazellularen Matrix und l6slichen Faktoren. Sie steuert die Funktion und das
Uberleben normaler hamatopoetischer Zellen, aber auch die derer malignen
Aquivalente. MSZ verfiigen uber ein trilineares (adipogenes, osteogenes und
chondrogenes) Differenzierungspotenzial und sind ein wichtiger Bestandteil der KM-
Nische. Obwohl die Rolle der Osteoblasten und ihrer Vorlaufer-MSZ intensiv
untersucht wurde, ist die Rolle der Osteoklasten im Zusammenhang mit Leuk&mie
nicht ausreichend definiert. Selbst flr die gesunde Hamatopoese gibt es bisher nur
Hinweise darauf, dass Osteoklasten durch den Abbau des Knochens den Austritt
hamatopoetischer Stammzellen aus dem Knochenmark unterstitzen. Obwohl
Skelettanomalien bei Kindern mit ALL haufig vorkommen, ist nicht geklart, wie genau
die knochenmarkseigene Mikroumgebung (KMM) verandert wird. Daruber hinaus
wurden bei ALL eine gestorte B-Lymphopoese, eine verminderte Kollagenproduktion
und ein Riuckgang der osteoblastischen Zellen beobachtet, aber auch hier ist die

Funktion der Osteoklasten in diesem Zusammenhang weniger gut untersucht.

Osteoklasten sind grof3e mehrkernige Zellen, welche die Knochenmatrix
resorbieren. Wahrend der Knochenresorption fiihrt die Verschmelzung saurer Vesikel
mit der dem Knochen zugewandten Plasmamembran der Zelle zur Bildung der so
genannten ,gekrauselten Borte® (engl. ruffled border (RB)). Der Transport
sekretorischer Vesikel (so genannter sekretorischer Lysosomen) ist fur die Bildung der
RB unerlasslich und wird streng reguliert. Zu den Schliisselmolekilen, die bei der
strikten Regulierung dieses Prozesses eine Rolle spielen, gehoren kleine Rab-
GTPasen und ihre Bindungspartner. In der RB wird der Inhalt der sekretorischen
Lysosomen, z.B. knochenresorbierende Enzyme wie Cathepsin K, freigesetzt und
baut das Hydroxylapatit-Mineral ab. Mutationen in Genen, die fur Proteine kodieren,

die in den sekretorischen Lysosomen der Osteoklasten lokalisiert sind, fiihren zu einer



seltenen genetischen Stérung, die Osteopetrose genannt wird und durch Defekte in
der Osteoklastenbildung oder -funktion verursacht wird. Eines dieser Gene,
PLEKHM1 (pleckstrin homology domain-containing family M member 1), kodiert fur
ein zytosolisches Protein von 117 kDa, das an die GTPase Rab7 bindet und mit spaten
Endosomen und Lysosomen assoziiert ist. Der verkurzten Form des PLEKHM1-
Proteins bei Menschen mit Osteopetrose fehlt die Rab7-bindende Region, weshalb
das Protein nicht an spate Endosomen und Lysosomen rekrutiert wird und stattdessen
im Zytosol verbleibt. Der Tranport von korpereigenem und korperfremdem Material
Uber Membranen in den Extrazellularraum oder zu Lysosomen zum dortigen Abbau
ist in allen Zellen von wesentlicher Bedeutung. Er erleichtert die Funktionsweise
wichtiger Stoffwechselwege, wie die des endozytaren und des autophagischen
Weges. PLEKHM1 spielt auch bei diesen Stoffwechselwegen eine Rolle. PLEKHM1
ist am spaten Endosomen-Transport beteiligt und ist fur die letzten Schritte der

Autophagie, die Fusion von Autophagosomen mit Lysosomen, wichtig.

Autophagie ist ein von den Lysosomen abhéngiger Abbauweg, der mit dem
endolysosomalen System verbunden ist, das darauf abgestimmt ist, auf spezifische
Reize in adequater Weise zu reagieren. Mit dem endolysosomalen System und der
Autophagie verbunden sind die Biogenese und Freisetzung von Fracht-beladenen
extrazellularen Vesikeln (EV), den Exosomen, in den extrazellularen Raum.
Exosomen werden als kleinere Vesikel in grol3eren Vesikeln, den so genannten
multivesikularen Korpern (MVK), die als eine spezialisierte Art von spaten Exosomen
gelten, gebildet und von diesen freigesetzt. Bisher ist nicht bekannt, dass PLEKHM1
eine Rolle bei der Exosomen-Biogenese oder der Freisetzung von Exosomen spielen
wuirde, aber angesichts seiner Funktion im spaten Endosomen-Transport besteht die

Maglichkeit, dass es auch am Transport der multivesikularen Korper beteiligt ist.
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Vor diesem Hintergrund stellten wir die Hypothese auf, dass PLEKHML1 in der
KMM das Fortschreiten von B-ALL beeinflussen kénnte, indem es den vesikularen

Transport in Osteoklasten oder anderen Zellarten reguliert.

Tatsachlich konnten wir beobachten, dass Méause, denen PLEKHM1 in der
KMM fehlt, im Vergleich zu ihren Wildtyp (WT)-Pendants eine deutlich aggressivere
Krankheit entwickelten. Es wurde festgestellt, dass Leukamiezellen, die in einer
Plekhml1l Knockout (KO) KMM wachsen, Uuberlebensfahiger sind und Marker
exprimieren, die auf einen unreifen Phéanotyp hindeuten, verglichen mit
Leukdmiezellen, die einer WT-KMM ausgesetzt sind. Die Blockade der
Differenzierung ist eines der Kennzeichen von Stammzellen und bei vielen Leuk&mien
wird berichtet, dass eine Subpopulation von Zellen mit stammzellahnlichen
Eigenschaften das Tumorwachstum aufrechterhalt. Leuk&miestammzellen sind bei
der AML gut untersucht, bei der B-ALL sind sie jedoch nicht ausfuhrlich definiert, und
bei der ALL von Kindern deuten Studien auf einen feststehenden lymphoiden
Progenitor als Ursprungszelle hin. In unserer Studie konnten wir jedoch nachweisen,
dass das Fehlen von PLEKHML1 in der KMM die Anzahl oder die Funktion der B-ALL-
auslosenden Zellen erhéhen kann, was sich in einer deutlich erh6hten Aggressivitat

dieser Zellen in sekundaren Transplantationsversuchen zeigt.

Wir bestatigten die bereits bekannte Rolle von PLEKHML fir die Funktion von
KM-Osteoklasten, indem wir in in vitro Experimenten zeigten, dass Osteoklasten in
Abwesenheit von PLEKHM1 nicht in der Lage sind knochenresorptive Gruben zu
bilden. Allerdings erwiesen sich Plekhm1-KO-Osteoklasten, die morphologisch ihren
WT-Pendants ahneln, als ebenso fahig, die Proliferation von B-ALL-Zellen in vitro zu
unterstitzen wie WT-Osteoklasten. Aufgrund der Schlussfolgerung, dass
Osteoklasten nicht direkt an dem beobachteten Phanotyp beteiligt sein kdnnen,
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stellten wir die Hypothese auf, dass PLEKHM1 auch fur andere Zellen in der KMM
wichtig sein kdénnte. Da KM-MSZ eine Schlisselrolle in der Kommunikation zwischen
B-ALL und der KMM spielen, vermuten wir, dass PLEKHM1 in der KMM die
Aggressivitat von B ALL durch die Kontrolle des vesikularen Transports in KM-MSZ
erhoht. In Ubereinstimmung mit seiner Rolle beim vesikularen Transport fanden wir
heraus, dass PLEKHML1 die Menge an MVK und deren Fracht in KM MSZ kontrolliert.
Insbesondere in Abwesenheit von PLEKHM1 sammeln sich MVK in KMM MSZ an,
was zu erhdhten Mengen der Proteine Syntenin und Syndecan-1 in den Zellen fihrt,
von denen bekannt ist, dass sie an der Exosomen-Biogenese beteiligt sind. Dartber
hinaus akkumulieren Syntenin und Syndecan-1 in Abwesenheit von PLEKHM1 auch
in den aus MSZ stammenden kleinen EV. B-ALL-Zellen, die mit kleinen EV, die aus
Plekhm1-KO-MSZ stammen, behandelt wurden, |6sten eine aggressivere Erkrankung
aus als B-ALL-Zellen, die mit kleinen EV aus WT-MSZ behandelt wurden, was darauf
hindeutet, dass die veranderte Fracht der kleinen EV, die von Plekhm1-KO-MSZ
freigesetzt werden, den beobachteten Phanotyp teilweise erklaren konnte. Kleine EV
aus Plekhml KO-MSZ werden von B-ALL-Zellen aufgenommen und fuhren zu einer
Aktivierung der Phosphorylierung der Proteinkinase B (AKT) und der fokalen
Adhasionskinase (FAK), was die Proliferation der B-ALL Zellen und die Aggressivitat
der B-ALL fordern konnte. Schliel3lich identifizierten wir im Einklang mit der
wechselseitigen Interaktion zwischen Leukamiezellen und der KMM den
Tumornekrosefaktor (TNF) a als eines der Zytokine, das nach Freisetzung durch B-
ALL-Zellen die PLEKHM1-Konzentration in MSZ reduziert und gleichzeitig die
Konzentration von Syntenin und Syndecan-1 in vitro erhdht, was den in vivo

beobachteten leuk&mieverstarkenden Phanotyp rekapituliert.

12



Wir glauben, dass wir mit dieser Arbeit einen gegenseitig bedingte
Wechselwirkungen identifiziert haben, bei der B-ALL-Zellen ihre Mikroumgebung
insofern beeinflussen, dass diese ihr Uberleben fordert und ihre Aggressivitat steigert.
Insbesondere setzen B-ALL Zellen TNFa frei, das sich auf die Konzentration von
PLEKHM1 auswirkt, das den vesikularen Transport in den KM-MSZ steuert.
PLEKHM1 steuert den MVK-Spiegel in KM MSZ, was wiederum die Beladung der
kleinen EV mit spezifischen Proteinen, in unserem Fall Syntenin und Syndecan-1,
beeinflusst. Die veranderte Fracht der kleinen EV, die von KM MSZ freigesetzt

werden, kann wiederum B-ALL-Zellen erreichen und deren Aggressivitat erhéhen.
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Summary

B-cell acute lymphoblastic leukemia (B-ALL) is a hematological malignancy
affecting both children and adults, however, the highest incidence of the disease is
found in children between ages 2 and 5. Among the many B-ALL subtypes BCR-ABL1*
B-ALL accounts for 3-5% of pediatric and 25% of adult B-ALL cases and is
characterized by the chromosomal translocation t(9;22), which gives rise to the
constitutively active tyrosine kinase BCR-ABL1. In adults, BCR-ABL1 is the most
common B-ALL-associated genetic abnormality and confers a poor prognosis to both
adults and children. The tyrosine kinase inhibitor (TKI) imatinib, which was initially
given to treat chronic myeloid leukemia (CML), is also used for the treatment of BCR-
ABL1* B-ALL in combination with chemotherapy. However, relapse of patients who do
not undergo allogeneic stem cell transplantation (SCT) or of patients with acquired TKI
resistance, are still obstacles in B-ALL cure and call for the discovery of novel
therapeutic interventions. Furthermore, in BCR-ABL1 B-ALL, where imatinib is not

applicable, the discovery of novel interventions is also needed.

The bone marrow (BM) microenvironment (BMM) is a complex entity that
consists of different cells types, like endothelial cells, mesenchymal stromal cells
(MSC) and neuronal cells, soluble factors, and extracellular matrix proteins. All these
elements interact with the hematopoietic stem cells (HSC), the cells that produce all
the blood cell types, as well as with their malignant counterparts, the leukemia stem
cells (LSC) and the leukemia cells (LC). These interactions can affect leukemia cell
function including survival, proliferation, and migration. Among the cells of the BMM,
osteoclasts have been found to influence HSC mobilization, but studies on their role

in leukemia and specifically in B-ALL have been limited.
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Pleckstrin homology domain-containing family M member 1 (PLEKHML1) is an
essential protein for the trafficking of secretory lysosomes in osteoclasts. Mutations in
PLEKHM1 have been linked with osteopetrotic phenotypes in both rats and humans
which are attributed to defective osteoclasts. Furthermore, consistent with its role in
vesicular trafficking, PLEKHM1 promotes the fusion of autophagosomes with
lysosomes at the latest steps of autophagy which is an essential cellular homeostatic
mechanism. Furthermore, is involved in the endocytic pathway facilitating the fusion
of late endosomes, including multivesicular bodies (MVB) with lysosomes. MVB carry
small extracellular vesicles (EV) which are released in the extracellular space as

exosomes after fusion of MVB with the plasma membrane.

Given the role of PLEKHM1 in vesicular fusion and trafficking we hypothesized
that PLEKHM1 in the BMM may influence B-ALL progression via impairment in

vesicular formation and/or release from osteoclasts or other cell types.

Indeed, using a murine model of B-ALL we have shown that PLEKHM1
deficiency in the BMM accelerates B-ALL. PLEKHM1 deficient BMM-derived MSC
show increased accumulation of MVB which in turn leads to impaired cargo of their
released small EV. Specifically, these small EV carry increased levels of syntenin
and syndecan-1 which are known to be involved in exosome biogenesis. Syntenin is
an adaptor-like protein that interacts with multiple proteins on the plasma membrane,
including syndecan-1 and is associated with increased migration of cancer cells.
Syndecan-1 is a heparan sulfate proteoglycan and integral membrane protein which
is present in both healthy and tumor cells, including leukemia cells. Uptake of these
small EV by B-ALL cells increases their aggressiveness possibly via increased

phosphorylation of protein kinase B (PKB/AKT) and focal adhesion kinase (FAK). In
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turn, B-ALL-derived tumor necrosis factor (TNF) a conditions the BMM, decreasing

PLEKHM1, while simultaneously increasing syntenin and syndecan-1 in normal MSC.

Therefore, our study proposes a link between BMM MSC-derived small EV and
their cargo and B-ALL progression and might also be applicable to other, non-leukemic

cancer types which release TNFa.
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Introduction

1. Hematopoiesis

The word hematopoiesis is derived from the Greek words aipa, "blood" and Troigiv
"to make" and literally means “to make blood”. Hematopoiesis is a constant process
that occurs during embryonic development and continuous throughout adulthood
when it ensures the replenishment of our blood system!. During embryonic
development, hematopoiesis occurs in the yolk sac and it leads to the production of
red blood cells which are important for the oxygenation of the organs of the embryo?.
This type of hematopoiesis is called primitive. As the embryo develops, the
hematopoiesis gradually moves to the spleen, the liver, and the bone marrow (BM)
and it is now called definitive or adult hematopoiesis®. Through this process, the blood
cellular components are formed and continuously replenished through the lifetime of
an organism. It is estimated that an adult human body produces around 4-5 x 10!

hematopoietic cells per day*.

In mammals, hematopoietic stem cells (HSC) are the cells that are responsible for
the production of all the hematopoietic cells and the replenishment of the
hematopoietic system and are considered to be at the top of the hematopoietic
hierarchy®. More specifically, multipotent long-term HSC (LT-HSC) which reside in the
BM can either self-renew to generate more HSC, which ensures the non-depletion of
the HSC pool or differentiate into short-term HSC (ST-HSC), multipotent progenitors
(MPP) or lineage-restricted progenitors which in turn proliferate and differentiate to
terminally differentiated hematopoietic cells with different functions®. Lineage
restricted progenitors involve the common lymphoid (CLP)’ and common myeloid

(CMP)® progenitors and are identified as such based on the presence of specific
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surface markers and in vitro and in vivo assays that assess their developmental
potential>. CMP give further rise to megakaryocyte/erythrocyte (MEP) and
granulocyte/macrophage (GMP) progenitors and these to megakaryocytes and
erythrocytes and monocytes and granulocytes respectively®. CPL give rise to T cells,
B cells and NK cells®. Here, it is important to mention that ST-HSC can only self-renew
and replenish the hematopoietic system for a defined (short) interval whereas LT-HSC
have the ability to replenish the hematopoietic system throughout the lifespan of the

organism® (figure 1).

9-9-9
LT-HSC ST-HSC / MPP \
@ ®
/ CmMP \ CLP \\\
@ © \

¢+ GMP MEP » \
/ \

A Y
’I,, \\\. \\‘
) P @
Xy 7 W
Monocytes Granulocytes Megakaryocytes Erythrocytes Tcells B cells NK cells

Figure 1: Blood cell development. LT-HSC; long term-HSC, ST-HSC; short term-HSC, MPP;
multipotent progenitor, CLP; common lymphoid progenitor, CMP; common myeloid progenitor,

GMP; granulocyte-macrophage progenitor, MEP; megakaryocyte-erythroid progenitor®.
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1.1 Regulation of hematopoiesis

Hematopoiesis is a multistep process that is regulated tightly by a network of
signaling molecules including cytokines and growth factors which are released in the
BMM and control the proliferation, differentiation, and survival of the various
progenitors. This is essential to ensure a balance between self-renewal and
differentiation of HSC, as well as production of the right cell type in response to certain
stimuli. Deregulation of the process of hematopoiesis can lead in the case of excessive
differentiation to depletion of the HSC pool or in the case of restrictive differentiation
and uncontrolled self-renewal to hematological malignancies including

myeloproliferative diseases and leukemias?®.

Several different transcription factors (TF) control early hematopoietic
development by affecting HSC survival and proliferation including stem cell leukemia
hematopoietic transcription factor (SCL), GATA-2, lim-finger protein LMPO2, and
Runt-related transcription factor 1 (RUNX1)!!. Other TF are crucial for the decision of
HSC and progenitor cell fate. For example, homeobox (Hox) genes, like Hoxb4, are
important for primitive stem cell fate decisions including myeloid differentiation of HL-
60 cells induced by Vitamin D3, Furthermore, GATA-1 influences progenitor cells
towards erythroid rather than megakaryocytic maturation??, while, HSC depleted for
the TF PU.1 failed to maintain the HSC pool and to differentiate into the early myeloid
and lymphoid progenitors'3. Ikaros is a TF that has six zinc finger domains and
regulates B cell development on multiple levelst4. Mice homozygous for an lkaros null
mutation show defects in the development of both fetal and adult lymphocytes®.
Finally, Pax5, a member of the paired box (PAX) family of transcription factors, plays
arole in normal B-lymphopoiesis?®, while, it has been associated with cancer including

lymphoma and lymphocytic leukemias?”’.
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The regulation of the TF that control hematopoietic cell function and cell fate
decisions can be HSC-intrinsic or -extrinsic. All the constituents of the well-defined
complex entity that we call BM microenvironment (BMM), and is described in more
detail below, belong to the extrinsic factors that influence HSC. In this context, extrinsic
regulation of hematopoietic cells’ fate involves cytokines and growth factors, as well
as, direct interaction with the extracellular matrix and other cells of the BMM. A great
example of the latter involves the family of the highly evolutionarily conserved
transmembrane receptors Notch. Notch, after it binds to extracellular ligands, for
example, ligands provided by endothelial cells (EC) of the BMM?8 it is cleaved and its
intracellular domain is translocated to the nucleus and acts as a TF on target genes.
Notch is known to serve a dual role in cell differentiation based on its expression levels
and it can induce differentiation of adjacent cells towards various pathways. In the
hematopoietic system, differential notch expression affects multiple binary cell fate

decisions®®(figure 2).
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Binary Decisions in Hematopoiesis
Directed by Differential Notch Expression
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Figure 2: At each differentiation step, cells can differentiate into one of two different fates. Alternatively,
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the binary decision may be whether or not the stem/progenitor cell should differentiate. The fate that is
taken when notch expression is lacking or decreased is shown with a white arrow pointing to a white
cell. The alternative pathway, shown with a gray arrow and a black cell, is taken by the daughter cell

when notch expression is high?®,

Examples of growth factors that affect HSC and progenitor cell expansion
include interleukin (IL)-6 and soluble IL-6 receptor (sIL-6R), stem cell factor (SCF),
which is secreted by EC in the BM??, erythropoietin??, and transforming growth factor

(TGF-B).

In the need for increased leukocyte production, as it happens during infection, SCF
binds to its receptor c-Kit on the HSC and controls self-renewal and development of

hematopoietic cells?2.
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TGF-B is a classic example of a soluble growth factor that affects stem cell survival
and maintains HSC in a quiescent stem cell state?®. Several other cytokines and
colony-stimulating factors regulate hematopoiesis and can lead to alterations in the

lineage output of HSC?4,

2. Bone marrow microenvironment (BMM)

The concept of the “niche” and the interaction between the microenvironment and
the HSC was first described by Schofield in 19782°. Since then, extensive research
has revealed the existence of the BMM as a complex entity consisting of different types
of secreted factors, cellular components including osteoblasts, osteoclasts,
endothelial cells, mesenchymal stromal cells (MSC), and neuronal cells, as well as,

extracellular matrix proteins?6.

The idea of hematopoietic stem and progenitor cell (HSPC) support and
hematopoietic regeneration by vascular structures was suggested from the late 20"
century?’, while later studies proved the regulatory role of endothelial cells in
hematopoiesis?®. Even though the division of the BM into vascular and endosteal
niches is considered arbitrary, a combination of studies focusing on the sub-
compartments and components of either one is beginning to unravel the intricacies of
the entire BM in a biologically relevant context. The terms endosteal and vascular are
old and not used in the literature anymore, however, are used here only to simplify the

content.

2.1 Endothelial cells

Endothelial cells are the cells that line the interior surface of blood vessels and
have been found to support HSC by providing several factors?. The central niche,
which is found in the inner BM, consists mainly of sinusoids and arterioles and hosts
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more than 85% of the HSC3C. However, also in the endosteal niche, which is in close
proximity to the bone surface, HSC are found close to perivascular niches3!. Early
studies showed that endothelial cells produce angiocrine factors like Notch ligands
that promote the regeneration and self-renewal capacity of HSC after BM injury!832,
Furthermore, BM HSC were reduced after conditional deletion of SCF in both
endothelial and perivascular cells®. Interestingly, different endothelial cell types have
been identified with fluorescence-activated cell sorting (FACS) methods able to
distinguish between arterial endothelial cells and sinusoidal endothelial cells providing
further information on the real cells that release some of these factors. For example,
it was demonstrated that SCF is exclusively produced by the arterial vasculature of
the BM contributing to the maintenance of HSC number?°. Finally, permeability and
reactive oxygen species of vessels can affect HSC quiescence and differentiation

status which is also controlled by HSC proximity to the vessels 3435,

2.2 Osteoblasts and osteoclasts

Bone remodeling is a continuous process involving the constant formation and
degradation of the bone by osteoblasts and osteoclasts, respectively. Osteoprogenitor
cells and mature osteoblasts are derived from Nestin® MSC and C-X-C Motif
Chemokine Ligand (CXCL) 12-abundant reticular (CAR) cells and line the bone
surface of the endosteum. These cells have been found to support hematopoiesis.
Specifically, osteoblasts support HSC expansion®®, and ablation of osteoblasts in
transgenic mouse models proved their importance in HSC and myeloid, lymphoid and
erythroid progenitors’ maintenance®’3®. The influence of osteoblasts in the

maintenance of all these populations is linked to a general role of osteoblasts in
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hematopoietic development in the BM and seems to be controlled by the release of

specific factors.

The proposed role of osteoblasts in HSC maintenance led to the formulation of the
concept of the endosteal niche. The endosteal niche, which is majorly composed of
the osteoblastic cells, was the first location proposed as an HSC niche and later was
demonstrated that HSC engraft to this niche with the help of their calcium-sensing
receptor which recognizes the gradient of Ca?* that is formed during bone

remodeling®°.

In contrast, osteoclasts derived from the hematopoietic stem cells and their
differentiation to bone-resorptive cells depends on the receptor activator of nuclear
factor kappa-B ligand (RANKL), a cytokine released by osteoblasts?®®. The data
pertaining to osteoclasts role in hematopoiesis are scarce. However, they have been
implicated in HSC mobilization by promoting progenitors’ egress from the BM.
Specifically induced osteoclast activity by RANKL promotes immature progenitors’
mobilization to the circulation under both homeostatic and stress conditions. This is
achieved by secretion of matrix metallopeptidase 9 (MMP-9) and cathepsin K from
osteoclasts which in turn lead to cleavage of components of the endosteal niche
known to enhance HSC anchorage and retention to the BM, like osteopontin and

(stromal cell-derived factor 1) SDF-1, which are both released by osteoblasts*?.
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2.3Mesenchymal stromal cells (MSC)
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vascular adhesion molecule 1 (VCAM-1), and secreted phosphoprotein 1 (SPP1)%2.
Nestin* MSC are typically found in central areas of the BM, however, they also appear
in lower frequencies close to the endosteum (figure 3)*3. They are characterized by
increased self-renewal capacity both in vitro and in vivo and can give rise to all three
tissues namely bone, cartilage, and fat. A similar population of MSC are the
aforementioned CAR cells. CAR cells have similar morphology to vascular pericytes,
are more abundant than nestin* MSC, and either surround sinusoidal endothelial cells
or are located in vessels near the endosteum3! (figure 3). CAR-cell depleted mice
show reduced cell size and number of HSC which are also found in a more quiescent
stage**. These cells also express proteins that contribute to HSC maintenance like
SDF-1 and SCF, but, there is also evidence of HSC cell cycling and self-renewal
support by these cells*. It is reported that nestin® MSC might be more primitive
compared to the CAR cells*3. Furthermore, Nestin-GFP"9" neural—glial antigen 2
(NG2)* cells are MSC associated with arterioles throughout the BM and with vessels

near the bone surface and contribute to the formation of the HSC niche?>. Nestin-

GFP'°" CAR - leptin receptor (LepR)* MSC are associated with sinusoids in the
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central BM and produce SCF which is essential for the maintenance of HSC?3. Finally,
paired related homeobox 1 (PRX1)-Cre transgene labels multipotent mesenchymal
progenitors that do not express Nestin or LepR and have osteogenic and adipogenic
in vitro differentiation potential®. Deletion of C-X-C Motif Chemokine Ligand 12
(CXCL12) from these cells leads to a rapid loss of HSC#’. All mesenchymal stromal
cells are known to have self-renewal capacity and differentiation potential that forms
the important tissues bone, cartilage, and fat and are proved to be a part of the HSC

niche.
2.4 Extracellular matrix (ECM)

The ECM s an integral component of the BMM. It consists of proteoglycans, fibrous
proteins like collagen, fibronectin, and laminin, glycosaminoglycans like hyaluronic
acid, chondroitin sulfate, heparan sulfate, and heparin, and, finally, matricellular
proteins such as osteocalcin and periostin“®. Integrins and syndecans are important
proteins that facilitate cell-ECM interactions which control essential cellular properties
including migration, survival, and differentiation of cells of hematopoietic origin*2. In
mammals integrins are assembled from eighteen a and eight B subunits. Integrins are
non-covalently linked, heterodimeric molecules containing an a and a 8 subunit. Both
subunits are type | transmembrane proteins, containing large extracellular domains
and mostly short cytoplasmic domains. Which ligand in the ECM the integrin can bind
to is defined by which a and 3 subunits the integrin is made of. Among the ligands of
integrins are fibronectin, vitronectin, collagen, and laminin #°. Integrin as has been
proposed to facilitate the transmigration of pre-B cells and other progenitor cells
through the stroma, specifically fibronectin, which is essential for their normal

development®®. Furthermore, mutations in the 82 integrin gene in humans and mice
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lead to leukocyte adhesion deficiency type | which is characterized by significant

leukocytosis®?.

BM stromal cells or hematopoietic progenitors themselves secrete soluble factors
including fibroblast growth factors (FGF), IL-1, and TGF-B1, which are stored in the
ECM and influence hematopoietic cells’ lineage decisions and proliferation®2. As
mentioned above Ca?* ions are trapped in the BM ECM and control the localization
function of the cells that are present in the BM including HSC and progenitor cells.
Furthermore, FGF-2 was shown to be essential for HSPC recovery after
myeloablation. FGF-2 supported HSPC proliferation partly by facilitating supportive

stromal cells’ expansion and reduction of levels of reactive oxygen species °°.

Collagen type | is the most abundant protein of the BM ECM. However, collagen
types Il, 111, V, and Xl also contribute to the maintenance of bone structure®*. Collagen
IXal-deficient mice showed trabecular bone disorganization and increased levels of
fibronectin, while they exhibited a reduction in myeloid cell number and differentiation,

and impaired immune response®°.

Fibronectin is secreted in the BM as a dimer, and cellular components, like HSC,
bind to it via integrin molecules. The binding of integrins to fibronectin facilitates the
transfer of external signals, like tissue stiffness, matrix composition changes, and
growth factor availability to the intracellular space, leading to the control of main
cellular functions including survival, proliferation, migration, and adhesion*8.
Consistent with the importance of integrin-mediated interactions of HSC with
fibronectin it was demonstrated that fibronectin-integrin 33 interactions are involved in

the aggressive phenotype of therapy-resistant malignant hematopoietic cells®®.
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Integrin signaling is also involved in the interaction of HSC with periostin, another
secreted protein of the ECM. Specifically, the interaction of integrin aV with periostin
seems essential for primitive HSC maintenance inhibiting the FAK/phosphoinositide
3-kinase (PI3K)/AKT pathway and in turn, increasing cyclin-dependent kinase inhibitor
1B (p27XPl) expression which leads to the promotion of HSC quiescence®’. Finally, in
a recent study, it was shown that the vitamin K antagonist and anticoagulant warfarin
leads to impaired BM macrophage and MSC-derived periostin, its defective binding to
integrin B3 on HSC, and in turn, reduction of functional HSC and possible
predisposition of individuals with such impaired signaling to a higher risk of

myelodysplastic syndrome (MDS) development®8,

3. Leukemia

Leukemias are a heterogeneous group of malignancies characterized by the
uncontrolled growth of abnormal blood cells. The word leukemia is derived from the
words Aeukdg “leukos” which means white and aipa “haima” which as it was already
mentioned means blood. Leukemia means “white blood” due to the accumulation of
abnormal leukocytes in the body. It is a disease that — in most types of leukemia - is
characterized by high molecular diversity and complexity. Leukemias can be classified
by their lineage into lymphoid or myeloid, into acute or chronic depending on the
clinical course, and further into subgroups depending on the cell’s differentiation status
and genetic features. According to this classification, lymphoid leukemias comprise
acute lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL), while,
myeloid leukemias are divided into acute myeloid leukemia (AML) and chronic myeloid
leukemia (CML). Depending on the lineage the lymphoid leukemias are further

classified to B- and T-cell ALL and B- and T-cell CLL5>9:¢9,
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3.1 Chronic myeloid leukemia (CML)

CML is a malignancy that originates in the HSC and is characterized by the
accumulation of abnormal myeloid cells of different maturation stages in the BM and

the peripheral blood (PB). The cause
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chromosome is called Philadelphia chromosome (figure 4).

There are three different BCR-ABL1 proteins which, depending on their molecular
weight, are called p210, p190, and p230 and are described in more detail below.
Retroviral transduction of murine BM with BCR-ABL1 leads to a CML-like
myeloproliferative disorder in mice® and causes cellular transformation of

hematopoietic cells®®7 proving its central role in CML pathogenesis®®.

Since about 50% of patients diagnosed with CML are asymptomatic the diagnosis
of the disease occurs usually during a routine physical examination or a blood test®.
CML is classified into three phases: the chronic phase (CP), accelerated phase (AP),
and blast phase (BP) and the most common symptoms of CML-CP, which is the most

common phase in which patients with CML present to the doctor, involve fatigue,
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weight loss, and malaise which are usually the results of anemia and splenomegaly®°.
Until the end of the last century, CML was treated with nonspecific drugs including
hydroxyurea and interferon-alpha (INF-a)’°. Even though INF-a therapy might result
in disease regression and improved survival it shows modest efficacy and a degree of
toxicity. Furthermore, allogeneic stem cell transplantation (allo-SCT) is curative,
however, is linked with high morbidity and mortality, which usually relegates this option
to younger patients who have an appropriate donor®. The discovery of tyrosine kinase
inhibitors (TKI) which target the binding of adenosine triphosphate (ATP) to the kinase
domain of BCR-ABL1 was one of the biggest scientific revolutions in recent medicine
and improved the 10-year survival of patients from 20% to 80-90%°°. Imatinib was the
first TKI that was designed and still, along with nilotinib, is the gold standard for first-
line treatment of CML. However, imatinib resistance and intolerance led to the
development of next-generation TKI”* which include nilotinib, dasatinib, and bosutinib
and are approved for treatment of CML patients in CP%. All CML cases are by
definition positive for BCR-ABL1, however, this oncogene is found also in 25% of adult

and 3-5% of pediatric cases of B-ALL"2.

3.2B-cell acute lymphoblastic leukemia (B-ALL)

In general, the hallmarks of acute lymphoblastic leukemia (ALL) involve
chromosomal translocations and genetic alterations that affect lymphoid precursor
cells’ differentiation and proliferation. ALL that affects B-lymphocytes (B-ALL) is the
most frequent malignancy in the pediatric population (26% of cancers in children 0-14
years old) where it accounts for more than 80% of the ALL cases. However, B-ALL
also affects a significant proportion of adults, and 75% of ALL in adults affects cells of

the B-lineage™.
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ALL subtypes are characterized by a variety of genetic alterations, like point
mutations and deletions, as well as, big chromosomal changes like hyperdiploidy or
translocations’47>. Often the result is the generation of a fusion gene coding for a
protein with altered properties like a constitutively active kinase or a novel
transcriptional regulator’®. Some common and well-studied chromosomal
translocations in B-ALL patients are: t(4;11) MLL-AF4, t(12;21) ETV6-RUNX1, t(1;19)

E2A-PBX1 and, as already mentioned, t(9;22) BCR-ABL1"’.

The prognosis of B-ALL ranges from excellent to dismal depending on the
cytogenetic abnormality. For example, in the cases of B-ALL with hyperdiploidy or
TEL/AML rearrangement, the prognosis is significantly better than in the cases of
BCR-ABL1 translocation or mixed-lineage leukemia gene (MLL) rearrangement. As
mentioned above BCR-ABLL1 fusion is present in a significant percentage of B-ALL
cases (usually called Philadelphia chromosome-positive (Ph*) or BCR-ABL1* B-ALL).
Before the introduction of TKI, BCR-ABL1" B-ALL was associated with poor survival.
The intensive chemotherapy regimens still remain the main treatment option, however,
the introduction of imatinib or related TKI in combination with chemotherapy has
improved the survival of these patients’?78. Nevertheless, in general, the prognosis of
ALL patients depends on the age, white blood cell count, and response to
chemotherapy. The curative rates of the disease are on average quite high, especially
in children. However, the resistance of leukemia cells to specific inhibitors, the
presence of few resistant and relapse-inducing leukemia stem cells, as well as, the
age of patients as a limiting factor for HSCT and/or aggressive chemotherapy, are still
factors that can contribute to poor prognosis in a significant number of patients with

ALL™,
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The normal BCR protein has an intrinsic serine/threonine kinase activity’®:8%, while
ABL1 belongs to the c-ABL kinase family, has DNA-binding activity, and can be found
in both the cytoplasm and nucleus with involvement in hematopoiesis and B cell
development’’. As it happens in CML, in BCR-ABL1* B-ALL the chromosomal

translocation t(9;22) leads to the constitutively active tyrosine kinase BCR-ABL172.

Three different BCR-ABL1 proteins can be produced depending on the exact site
of the chromosomal translocation: A 210 kDa form (p210) accounting for more than
95% of the CML cases, 15% of pediatric and 30-50% of adult B-ALL8!, a 190 kDa
BCR-ABL1 protein (p190) found in 85% of BCR-ABL1* pediatric B-ALL cases and 50-
70% of adult B-ALL8! and a rare 230 kDa BCR-ABL1 protein (p230) detected in
patients with chronic neutrophilic leukemia (CNL)®283. Unlike CML, where the
transformation occurs in stem cells in most cases of Ph* ALL the genetic defect affects

progenitor cells in the more committed lymphoid lineage’”.

The constitutively active kinase isoforms of BCR-ABL1, p190 and p210, can
transform cells causing resistance to apoptosis and increased proliferation by
activating multiple pathways including JAK/STAT and PI3K/AKT/mTOR pathways8+-86,
while the activation of the latter results in upregulation of the antiapoptotic protein B-

cell ymphoma 2 (Bcl-2) and the transcription factor c-Myc?’.

3.3Chronic lymphocytic leukemia (CLL)

CLL is the most common leukemia in adults and is characterized by the
accumulation of monoclonal, mature, CD5* B lymphocytes in the blood, the bone
marrow and in secondary lymphoid organs (spleen and lymph nodes)&. The clinical
course of the disease varies and ranges from asymptomatic that may not require

therapy (in 30% of patients) to active disease leading to lymphocytosis (increased
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number of lymphocytes in the blood), anemia (reduction of red blood cells in the blood),
lymphadenopathy (formation of lymph nodes of abnormal size and/or consistency),
weight loss and fatigue among others®. The average age at diagnosis is 72 years and
the clinical management of the disease depends on its stage. For example, patients
with early-stage CLL are normally not treated and have a median life-expectancy of
13 years. On the other hand, patients with advanced-stage CLL had a median life
expectancy of only 2 years when only alkylating agents were used as primary
treatment. However, the survival of patients with advanced-stage CLL has improved
significantly with the use of more recent novel agents. CLL proliferation which occurs
mainly in secondary lymphoid organs requires the engagement of the B-cell receptor
(BCR) and the activation of its downstream signaling. Specifically, downstream of BCR
kinases including spleen tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK) and
PI3K are activated and promote downstream pathways including the NF-kB and ERK
pathways. Other molecules on the surface of the CLL cells like CD19 and CD20 are
essential, along with BCR, for the transfer of the signal that leads to the survival and
proliferation of CLL cells. Blockade of CD20 with specific anti-CD20 antibodies like
rituximab and obinutuzumab administered in combination with chemotherapy have
significantly improved the survival of CLL patients®-9, Finally, novel agents have been
introduced. These involve kinase inhibitors like the BTK inhibitor ibrutinib and
venetoclax which binds to the anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and
leads to programmed cell death of CLL cells. The usage of these new agents
(venetoclax®?, ibrutinib®?) has shown a survival benefit compared to old CLL
treatments, including chemoimmunotherapy (chemotherapy + anti-CD20 therapy)

especially for advanced stage or chemotherapy resistant CLL22,
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3.4 Acute myeloid leukemia (AML)

AML is a malignant disorder of HSC or myeloid progenitor cells which is
characterized by the accumulation of abnormal myeloid cells in an undifferentiated
stage in the BM or other organs. It is the most common acute leukemia in adults®® and
despite the improvements in patients’ outcome the prognosis remains poor®. AML is
a heterogenous disease, both molecularly and cytogenetically, and this heterogeneity
is important for disease prognosis, while novel treatment strategies which will take into
account this heterogeneity are under intensive research®. Genetic abnormalities are
commonly present in AML and include mutations in genes such as the tyrosine kinase
receptor gene FLT3%, in genes that code for myeloid transcription factors like
RUNX1%, and in genes that are involved in DNA methylation regulation including
DNMT3A® and TET2%. Furthermore, in AML, chromosomal translocations can lead
to the occurrence of fusion genes like the mixed-lineage leukemia gene (MLL1) which
has been associated with aggressive acute leukemia®’. Specifically, the translocation
t(9;11) results in the expression of the MLL-AF9 fusion gene which is associated with

poor prognosis®,
4. The bone marrow microenvironment in leukemia

As it happens in many cancers, in non-solid tumors the microenvironment is an
important contributor to tumor progression and drug resistance. While the majority of
studies so far have focused on intrinsic pathways of leukemia cells that could be
targeted for therapeutic purposes, increasing evidence supports the importance of the
BMM in the maintenance and survival of malignant cells. Additionally, the BMM has

been proven to play a key role in the acquisition of a therapy-resistant phenotype by
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leukemia cells, as well as, in their ability to egress from the BM and colonize other

organs*®,

Recently, studies in mice have shown the contribution of the niche at least in
hematological malignancies in two different ways: 1) altered niche cells that
predispose healthy cells to malignant development®®1% and 2) transformed
hematopoietic cells that can alter their niche to make it favorable for their survival and

consequent disease progression*®,

4.1 The altered niche as predisposing factor

Several niche alterations have been found to make the normal cells transform into
malignant ones. These alterations have been found to occur more frequently in
myeloid malignancies. For example, B-catenin constitutively active specifically in
osteoblasts led to AML-related chromosomal alterations in hematopoietic cells which
resulted in an increased differentiation towards the myeloid lineage°!. Studies in mice
show that alterations in the niche can initiate oncogenic events in the case of clonal
hematopoietic stem cells diseases like myelodysplastic syndrome (MDS) and
myeloproliferative neoplasia (MPN) which have high risk of transformation to
secondary AML. For example, mice lacking nuclear factor-kB (NF-kB) inhibitor a
(IkBa)%2 or retinoic acid receptor-y (Rar-y)% in non-hematopoietic cells develop MPN-
like disease. Rar-y deficient microenvironment leads to MPN-like disease partly due
to increased levels of tumor necrosis factor (TNF) a (TNF-a) in these mice®. Lastly,
deletion of Dicerl the gene encoding a ribonuclease specifically in MSC, but not in
mature osteoblasts, leads to MDS-like disease with sporadic transformation to AML03,
A common feature in many of these studies is the establishment of a pro-inflammatory

environment which which can contribute to excessive myelopoiesis*. However, these
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studies have been conducted in mice and the relevance of these observations for

human disease remain to be elucidated.

4.2 Niche remodeling by leukemia cells

In hematological malignancies the genetic and epigenetic alterations in
hematopoietic cells coincide with niche remodeling which favor the survival of
malignant cells at the expense of normal HSC.

Cytokines and growth factors

In a BCR-ABL1* CML transgenic model, leukemia cells promoted MSC to
overproduce altered osteoblasts which form a remodeled BM niche that favors LSC
function while impairing normal hematopoiesisi®*. These effects were mediated via
direct cell-cell interactions of malignant cells with MSC or by release of factors like
thrombopoietin (TPO) and chemokine (C-C motif) ligand 3 (CCL3)*. CCL3 has also
been implicated in niche remodeling by AML cells. CCL3 was found increased in the
malignant cells in AML cells and led to inhibition of osteoblastic cells'®. Altered
cytokine expression with downregulation of CXCL12, a cytokine involved in homing,
and increased production of granulocyte colony-stimulating factor (G-CSF) which is
involved in hematopoietic mobilization in the BMM by leukemia cells was also
correlated with inhibition of normal long-term hematopoietic stem cells and a growth
advantage of malignant cells in both CML!% and B-ALL!%7. Furthermore, IL-1B
produced by mutated HSC triggers neuronal damage in the BM which leads to
reduction of MSC number. In turn, in vivo depletion of nestin* cells or their CXCL12
production expanded the number of mutated HSC and led to MPN expansioni%,
Another way that leukemia cells influence the BMM is by remodeling the ECM. Indeed,

it was demonstrated that B-ALL cells induce MMP-9 expression in MSC and possibly
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other cells of the BMM via a release of TNFa. Pharmacological inhibition of MMP-9
leads to prolongation of survival in mice with B-ALL.

Neo-angiogenesis is a well-established phenomenon in both acute and chronic
leukemiast®® while disruption of vasculature it has also been observed in the
prescence of leukemiall®. These phenomena are partially mediated by specific growth
factors released by leukemia cells which affect endothelial cells function. For example,
in ALL leukemia cells promote BM endothelial cells proliferation via soluble factors,
one candidate being vascular endothelial growth factor (VEGF) and in turn the BM
endothelium promotes leukemia cell survival'l. In AML VEGF-activated endothelial
cells enables the proliferation of leukemia cells while decreasing the efficacy of
chemotherapeutic drugs to target leukemia cells'?. Interestingly, AML cells
differentially remodel the vasculature in central and endosteal bone marrow niches. In
the presence of AML cells the endosteal endothelium is degraded while the vascular
niches in the central marrow expand. In turn, the degraded endosteal endothelium
cannot support normal HSC and when the endosteal endothelium is preserved the
normal hematopoiesis is rescued!*3. Finally, CML cells induce BM stromal cells to
upregulate placental growth factor (PIGF) a VEGF homolog which stimulates BM
angiogenesis and promotes CML proliferation4.

Exosomes

Exosomes are a type of extracellular vesicles (EV) that carry lipids and proteins
and play a key role in cellular communication. The biogenesis and structure of
exosomes as well as that of other extracellular vesicles will be discussed in more detall
below. Exosomes serve as means by which leukemia cells remodel the BMM.
Specifically, AML cells release exosomes enriched for coding and noncoding RNA

which are up taken by BM stromal cells and change their secretion profile!®. In a more
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recent study, it was shown that AML-derived exosomes transform the BM niche to a
leukemia-permissive environment. They induced the expression of dickkopf-related
protein 1 (DKK1), a suppressor of normal hematopoiesis and osteogenesis, thereby
contributing to osteoblast loss AML-derived exosomes induced a broad
downregulation of hematopoietic stem cell-supporting factors, like CXCL12 and
insulin-like growth factor 1 (IGF-1), in BM stromal cells and reduced their ability to
support normal hematopoiesis'®. Furthermore, EV are from AML cells can transfer
endoplasmic reticulum (ER) stress to MSC leading to upregulation of core unfolded
protein response (UPR) components and subsequent induction of their osteogenic
differentiation partially through the transfer of the bone morphogenetic protein 2
(BMP2)7, CML cells also release exosomes that can stimulate BM stromal cells to
release IL-8 that in turn promotes the adhesion and migration of leukemia cells'8.
MicroRNA (miRNA) are small non-coding RNA molecules referred to as master
regulators of the genome and exosomes are known to carry miRNA which are
transferred into neighboring cells and can be translated and functional''®. It was
demonstrated that CML cells transfer exosomes containing the miRNA mi-126 to
endothelial cells and lead to reduction of CXCL12 and VCAM-1 in endothelial cells
and to a decrease in the mobility and adhesion of CML cells'?0.

4.3BMM-mediated survival and therapy resistance of leukemia cells

CXCR4/CXCL12 axis

Resistant LSC may be the reason for resistance to chemotherapy and relapse!?*.
It is believed that these cells reside in specific niches in the BM where the BMM
promotes their maintenance, therapy resistance, and in turn disease relapse!??.
Therefore, targeting of the interactions between leukemia cells and their

microenvironment is a potent strategy to increase therapy sensitivity. C-X-C
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chemokine receptor type 4 (CXCR4) is a chemokine receptor expressed on the
surface of normal hematopoietic cells but also leukemia cells including AML and CML
cells. Itis demonstrated that CXCR4 and the binding on its ligand CXCL12 (also called
stromal cell-derived factor 1 (SDF-1)) regulates the motility and development of AML
stem cells?. In this context it was further established that acute promyelocytic
leukemia (APL) cells, an aggressive type of AML cells, when are cocultured with
stromal cells are protected from chemotherapy-induced apoptosis in vitro while
injection of these cells to syngeneic recipient mice leads to rapid migration to the BM
egress to the spleen and peripheral blood and death. However, administration of
AMD3100, a specific inhibitor of CXCR4, in combination with chemotherapy led to
decreased tumor burden and improved survival compared to the treatment with
chemotherapy alone indicating the importance of the CXCR4-CXCL12 axis in AML
chemoresistance'?. In the same line AMD3100 was used in a clinical trial in
combination with chemotherapy for the treatment of relapsed or refractory AML to test
wether interference with the interaction between AML blasts and the microenvironment
can enhance the cytotoxic effect of chemotherapy with encouraging rates of
remission'?> (NCT00512252). CXCR4 has also been implicated in multiple myeloma,
a hematological malignancy caused by the abnormal production of plasma cells, and
CML stroma-mediated chemoresistance. In CML the presence of BCR-ABL1 inhibits
the CXCR4/CXCL12 axis leading to reduction of adhesion of CML cells to the BM
stroma. Consequently, TKI treatment enhances the migration of CML cells to the BMM
making them more resistance to the treatment. It was demonstrated that proto-
oncogene tyrosine-protein kinase Src-related Lyn kinase was implicated in TKI-
induced migration of CML cells which involved the redistribution of CXCR4 into the

lipid raft fraction in CML cells'?6. Finally, CXCR4 has also been involved in the

39



interaction of multiple myeloma cells with their microenvironment where contributes to
resistance to therapeutic agents'?’.

Integrins and selectins

As it was already mentioned, integrins represent a large family of adhesion
molecules that are widely expressed and mainly interact with extracellular matrix
components. From very early on integrins, specifically integrin B1 in cooperation with
the cell surface glycoprotein CD44, have been involved in the adhesion and migration
of CML cells'?8, Incubation of CML cells with the integrin 1 activating antibody, 8A2,
increases the cooperation between integrin 31 and CD44, induces the adhesion of
CML to fibronectin and the adhesion-mediated inhibition of proliferation'?8. Minimal
residual disease (MRD) is a term used to describe a small number of leukemic cells
that remain in the person during treatment, or after treatment when the patient is in
remission and it is the major cause of relapse in cancer and leukemia. It has been
demonstrated that in AML resistance to drug-induced apoptosis is mediated by the
interaction of the very late antigen (VLA-4) expressed on leukemia cells to fibronectin
and that in a mouse model of MRD VLA4-speicifc antibodies in combination with the
chemotherapeutic drug cytarabine significantly prolonged mice survival compared to
cytarabine treatment alone'?®. Furthermore, Bl and B2 integrins mediate the
interaction of CLL with the endothelial layer, an interaction that decreases the
sensitivity of CLL cells to the apoptosis induced by the chemotherapeutic agent
fludarabine®°. Lastly, interaction between VLA-4 on leukemia cells and VCAM-1 in
BM MSC mediates the activation of the NK-kB pathways in both stromal and tumor
cells which promote chemoresistance in the transformed cells?3,

Selectins comprise a family of three members (E-, P-, and L-selectin) that are

differentially expressed by leukocytes and endothelial cells and are involved in the

40



early steps of leukocyte extravasation. In a CML-like MPN mouse model was proven
that selectins and specifically E- and L-selectin and their ligands are indispensable for
the homing and engraftment of BCR-ABL1* leukemia stem cells compared to normal
stem cells'®2, In line with these observations, treatment with the E-selectin inhibitor
GMI-1271 in combination with imatinib led to increased survival of mice with CML via

decrease in the contact of leukemia cells with the BM endothelium33,

5. Bone marrow microenvironment in B-ALL

Several studies have reported the importance of the BM stroma for survival, as well
as, the evasion from chemotherapy of B-ALL cells. It was early on demonstrated that
the presence of BM stromal cells in vitro supports the growth of B-ALL cells and leads
to the survival of blast cells'**. Furthermore, osteoblasts support the survival and
migration of B-ALL cells towards them by the release of growth-specific-6 (GAS6)
while induce dormancy to the B-ALL cells which in turn prevents chemotherapy-
induced apoptosis'®®. The dormancy of B-ALL stem cells was also induced by their
anchorage on osteopontin, an extracellular matrix protein released by osteoblasts. In
a xenograft mouse model of B-ALL, inhibition of the osteopontin-signaling axis
increased B-ALL cell cycle and reduced the tumor burden while osteopontin
neutralization in combination with cytarabine reduced BM MRD?*36, In the same lines
and as it was mentioned above modulation of the extracellular matrix of the BMM with
pharmacological inhibition of BMM MMP-9 can lead to prolonged survival in mice with

B-ALL'%,

B-ALL cells adhere to BM stomal cells!3® or fibronectin'*® via integrins, and
these interactions lead to reduced apoptosis and increased drug resistance of the
leukemia cells. The adhesion of B-ALL cells to the stroma is partially achieved via the

CXCR4/CXCL12 axis and targeting of CXCR4 with the drug AMD11070 in
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combination with nilotinib led to significant prolongation of survival in mice transplanted
with BCR-ABL1 B-ALL!%°. Furthermore, in a mouse model of BCR-ABL1 leukemia
characterized by alterations in the transcription factors IKAROS, B-ALL cells show
increased self-renewal and increased BM stromal adhesion while the usage of
retinoids reversed these phenotypes'#!. Finally, it was shown that BM MSC are
stimulated by B-ALL cells and express increased levels of CCL2 and IL-8 and these
two cytokines are also found increased in the BM plasma of children with B-ALL at the
time of diagnosis. CCL2 and IL-8 enhance the survival and proliferation of MSC and
support the adhesion of B-ALL to them'#2, In another study it was shown that MSC
from B-ALL patients had increased adipogenic capacity while they were expressing

increased levels of the bone morphogenetic protein 4 (BMP4)143,

The cells of the BMM are reprogrammed in the presence of B-ALL and their
metabolism is often altered. In turn the microenvironmental metabolome can influence
tumor survival. In addition, drug therapy can affect the metabolism of the BMM cells.
In a study where the metabolic profiles of the PB and BM from children with ALL were
examined it was demonstrated that the BMM of patients that had not received any
treatment had a different metabolic profile enriched in lipids and metabolites of lipid
metabolism while the BM upon remission showed a profile enriched in amino acid
metabolites and its derivatives'#*. Additionally, there is evidence of a crosstalk
between ALL and BM MSC metabolic pathways as it was shown that cystine is
imported and metabolized by MSC to provide the limiting substrate to ALL to generate
and maintain glutathione. This metabolic interaction reduces the oxidative stress in

ALL cells and it is essential for their survivall4®.

Further studies have identified new strategies by which the BMM can reduce
drug efficiency in B-ALL including metabolic reprogramming of B-ALL cells. Drug
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resistant ALL cells, the potential cause of MRD, in the presence of BM MSC undergo
a redox adaptation process characterized by reduced ROS levels and upregulation of
antioxidants productions46. Furthermore, stromal protein kinase C (PKC)-B controls
the expression of adhesion and matrix proteins that are required for the activation of
the PI3K pathway and the stabilization of B cells lymphoma-extra large (BCL-XL)
mediating drug resistance in tumor cells4’. Finally, the aforementioned integrins and
specifically integrin a6 via its role in ALL adhesion it has been implicated in ALL
resistance and the usage of the anti-human a6-blocking antibody Ab P5G10 induces
apoptosis in primary ALL cells and sensitizes them to chemotherapy or tyrosine kinase

inhibition148,

6. Autophagy

6.1 The process of autophagy

Autophagy is a degradation process that is essential for cellular homeostasis and
response to different forms of cellular stress and it is mediated by evolutionarily
conserved autophagy-related (ATG) genes?#®. During autophagy, the cargo (proteins,
glycogenes, lipids, organelles, miRNA etc.) which is delivered to the lysosomes, is
derived from the cytoplasm. In contrast, in the endocytic pathway the source of the
cargo is either extracellular or plasma membrane-derived. Damaged cytoplasmic
organelles and protein aggregates are cleared by a tightly regulated process that
involves “eat me” signal tags (prominently ubiquitin chains) on the targeted
proteins/organelles, autophagy adaptor, and autophagy receptor proteins#°. In the
early years of autophagy research, in the middle to the end of the 20" century, two
major discoveries laid the groundwork for the subsequent extensive research in the
field. The first one was the discovery of lysosomes by Christian de Duve in 19551,

along with the regulation of the process of autophagy by nutrient availability'>! and
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many years later the elucidation of the molecular mechanism of autophagy by the

discovery of 15 autophagy related-proteins (ATG) in yeast by Yoshinori Ohsumi in
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Figure 5: The autophagic pathway. EVE: vesicular endocytic vesicles; EE: early endosomes; MVB:
multivesicular bodies*5“.

19932, The major and most well-studied type of autophagy is -called
macroautophagy. During the induction of macroautophagy, ATG are recruited to a
specific subcellular localization where an isolation membrane called phagophore is
formed. This membrane gradually elongates while engulfing cytoplasmic cargo and
eventually closes to form a double-membrane structure called an autophagosome.
Autophagosomes can fuse with endosomes, mature, and finally fuse with the
lysosomes in order for the cargo to be degraded by the Ilysosomal
enzymes!®3%4(figure 5). The degradation of the cargo on the one hand protects the
accumulation of deleterious cargo, like damaged mitochondria, and on the other hand,

provides the cells with new building blocks.
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Autophagy can be selective or non-selective depending on the cargo. During non-
selective autophagy, which is usually induced upon starvation, bulk portions of
cytoplasmic cargo are sequestered to the autophagosomes for degradation. By
contrast, selective autophagy is recruited in cases of pathogen infection or for the
maintenance of the integrity of cellular organelles ensuring cellular homeostasis!®®.
During this process, several proteins are responsible for autophagosome maturation,
elongation, and closure, as well as, fusion with the lysosomes. These proteins belong
to the superfamily of ATG8 proteins (microtubule-associated proteins 1A/1B light chain
3B (LC3) / gamma-aminobutyric acid receptor-associated protein (GABARAPS)), are
conserved from yeast to human and recruit autophagy adaptors and receptors which
contain an LC3-interacting region (LIR). ATG8 proteins promote cargo engulfment by
directly binding to autophagy receptors or selective autophagy receptors (SARs) which
bind to and serve as a bridge between the cargo and the phagophore!®>156, SARs, like
sequestosome 1 (SQSTM1/p621%7), nuclear dot protein 52 (NDP52)%8, and neighbor
of BRCA1 gene 1 protein (NBR1)!%°, are eventually degraded along with the cargo*°.
ATG8 proteins interact with another group of essential autophagic proteins that are
called autophagy adaptors. Autophagy adaptors are not degraded by autophagy and
have diverse roles in the process like in the regulation of the autophagosome formation
(e.g. Unc-51 like kinase-1 (ULK1) complex'6), the fusion of the autophagosomes with
lysosomes (e.g. pleckstrin homology domain-containing family M member 1
(PLEKHM1162)), and the transport of the autophagosome (e.g. FYVE And Coiled-Coil

Domain Autophagy Adaptor 1 (FYCO1)63).

6.2 The role of autophagy in health and disease
The main role of autophagy is to provide the cell with nutrients during fasting and

other forms of stress. This is achieved by the recycling of intracellular components into
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metabolic pathways, however, the specific substrates that autophagy provides and the

metabolic pathways that are supported are not yet known?'64,

Mutations in genes which lead to de-regulated autophagy are associated with
several pathological conditions, including neurodegenerative diseases, inflammatory
disorders, and cancer progression, therefore, modulation of the process of autophagy
has great potential as a therapeutic approach'4. In cancer, the role of autophagy is
not completely elucidated. Specifically, before the onset of tumorigenesis due to its
cytoprotective role autophagy seems to act as a tumor-suppressive mechanism?° and
consequently loss of autophagy can increase cancer risk, while, autophagy blockade
in established tumors sensitizes them to therapy167. Moving a step further, clinical
trials have been initiated which involve the treatment of cancer patients with autophagy
inhibitors like hydroxychloroquine in combination with chemotherapy or targeted
therapies. One such case is CML in which hydroxychloroquine was used in a
randomized phase Il clinical trial in combination with imatinib for the eradication of
persistent BCR-ABL1+ leukemia stem cells!®®. Evident of its dual role, autophagy
prevents the onset of lung tumors, while it promotes the progression of lung tumors in
the same KRas (G12D)-driven lung cancer mouse model®°. Therefore the exact role

of autophagy in cancer seems to be cancer type and context dependent®7©.

Even though autophagy has been extensively studied as a tumor-suppressive or
tumor-promoting mechanism used by cancer cells its role in the tumor
microenvironment has only now become the object of various research efforts’t. The
first studies in different cancer types, including lung and pancreatic cancer, melanoma,
and urothelial carcinoma, point towards a tumor-promoting role of microenvironmental
autophagy mainly by providing the tumor cells with essential amino acids to sustain
their energy levels and metabolic integrity72-175,
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7. The endocytic pathway

The endocytic pathway of mammalian cells consists of distinct membrane
compartments which internalize molecules from the plasma membrane and either
recycle them back to the plasma membrane or sort them for degradation’6. Therefore,
lysosomal degradation is the final step of both the autophagic and the endocytic
system. The endocytic system is complex and the sorting of the cargo is a tightly
regulated process!’’. The different compartments of the endocytic system have
specific roles in the processing, sorting, and degradation of the internalized cargo
which include early and recycling endosomes, late endosomes, and the lysosomes

(figure 5)1°4,

7.1 Multivesicular bodies

A specialized type of late endosomes are multivesicular bodies (MVB) which
are essential for the internalization of nutrients, ligands, and membrane receptors!e.
Within the MVB smaller vesicles that are called intraluminal vesicles (ILV) are formed
by the invagination of the endosomal membrane with concurrent engulfing of
cytoplasmic cargo'’®. Interestingly, there is evidence suggesting that
autophagosomes fuse with the MVB to form bigger vesicles that are called
amphisomes and that this process is important for the efficiency of autophagic
degradation!’®89, |LV have a size of 40 to 100nm and represent free vesicles with no
connection with the vacuolar membrane. The incorporation of cargo from the outer
membrane of the recycling endosome into the ILV is mediated by the endosomal

sorting complex required for transport (ESCRT)81.182,

8. Extracellular vesicles
When ILV do not degrade via fusion of the MVB with the lysosomes, they are
released into the extracellular space. This is achieved after fusion of MVB with the
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plasma membrane. The released vesicles, which range from 40 to 100 nm are called
exosomes and play a key role in intercellular communication serving as vehicles for
transferring proteins, lipids, and RNA between cells!®18 Exosomes are part of a
broad family of vesicles that are released extracellularly and are called extracellular

vesicles (EV).

The current criteria to distinguish between the different EV populations are based
on the size, the density, the subcellular origin, the function, and the molecular cargo
185 Possibly all cells, both healthy and malignant, release EV in a tightly regulated

manner, and, interestingly, several types of EV can be released by a given cell86.

Apart from exosomes, other vesicles that belong to the EV family are the
microvesicles, the apoptotic bodies and the oncosomes and/or large oncosomes.
Microvesicles are released by the outward budding of the plasma membrane and their
size is small ranging from 0.1-1 ym. Apoptotic bodies are released laso by membrane
budding and their size ranges from 0.05-2 pm. Finally, oncosomes and large
oncosomes have been reported to be released only by some tumor cells, like prostate
cancer cells®” and they range from 1-10um in size (figure 6)8. EV can be taken up
by the recipient cells through different mechanisms: macropinocytosis, phagocytosis,
endocytosis, or fusion. They can also interact with receptors in the recipient cell
membrane. EV contain cytosolic components (soluble proteins, DNA, mRNA, and non-

coding RNAs (ncRNAs)) and express surface molecules of their cell of origint®,
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Figure 6: Extracellular vesicles: types, sizes, content, biogenesis, and uptake?es,
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8.1Pathways of exosome biogenesis

Exosomes are formed and released either in response to specific stimuli or
continuously by a variety of cells including hematopoietic cells, MSC, as well as,
cancer cells'®. Depending on the stimulus, the number and composition of the
exosomes that are produced and released by a given cells varies®®-1%2, Exosome
biogenesis starts with the plasma membrane invagination and continues with the
cargo selection and formation of the ILV inside the MVB after the invagination of the
MVB membrane®®. This process is tightly regulated and different pathways are
involved in it. ESCRT-dependent and ESCRT-independent mechanisms work
synergistically towards the completion of several steps of the process like protein
sequestration and modification, processing and trafficking of the resulting vesicles,

and fusion to the plasma membrane which is required for secretion!®31% (figure 7).
8.1.1 ESCRT-dependent pathway

There are many different molecules and enzymes involved in the exosome
biogenesis and due to experimental challenges is unclear at which step the different
molecules are involved. However, it is clear that more than twenty proteins are
involved which belong to one of the four endosomal sorting complexes require for
transport (ESCRT) namely ESCRT-0, ESCRT-I, ESCRT-Il and ESCRT-III*®*, Proteins
of the ESCRT-0 complex are involved in the recognition and sequestration of the
ubiquitylated cargo to specific domains of the endosomal membrane facilitating the
first step of membrane invagination'®®. After interaction with the ESCRT-I and -l
complexes, the total complex will then combine with ESCRT-III, a protein complex that
is involved in promoting the budding processes. Finally, following cleaving the buds to
form ILV, the ESCRT-IlIl complex separates from the MVB membrane with energy
supplied by the sorting protein vacuolar protein sorting-associated protein 4 (Vps4).
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ALG-2-interacting protein X (Alix) interacts with several ESCRT proteins, as well as,
syndecan and syntenin and that way facilitates the endosomal budding and the
selection of the cargo respectively. Syndecans are transmembrane proteins that
represent the main source of heparan sulfate (HS) in cell membranes. Syndecans
interact with syntenin, which, in turn, interacts with CD63, an important tetraspanin
present on exosomes, and Alix 1%, Heparinase is an enzyme that regulates'®®. Finally,
heparanase is an enzyme that cleaves syndecan’s heparan sulfate chains and
regulates the intraluminal budding of syntenin and syndecan into endosomes. It also

controls the loading of these two proteins on the released exosomes®®’.
8.1.2 ESCRT-independent pathway

The ESCRT-independent pathway is an alternative way to sort exosomal cargo
into MVB and depends on raft-based microdomains. For example, sphingomyelin can
be hydrolyzed into phosphorylcholine and ceramide. Ceramide promotes membrane
budding contributing to this alternative exosome production'®®. Another pathway is the
tetraspanin-dependent pathway which involves CD63, which belongs to the
superfamily of tetraspanins and along with partner molecules form tetraspanin-

enriched microdomains which contribute to exosome formation93,
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8.2 Extracellular vesicles and cancer

EV and particularly exosomes, as means of communication between cells, have
been extensively studied in the context of cancer. Most studies focus on cancer-
released exosomes and their effect on the tumor microenvironment. For example,
cancer-derived exosomes promote the differentiation of fibroblasts to myofibroblasts
that in turn promote tumor growth!®®. However, several studies have also been

focusing on EV released by the microenvironment.

Cancer-associated fibroblasts (CAF) release EV with specific cargo which can
influence the migration and invasion of breast cancer cells, as well as, lead to
metabolic reprogramming in the target cells2°°2°1, Furthermore, it was demonstrated
that BM-MSC can support multiple myeloma cells, which are malignant plasma cells,
via the release of exosomes which carry lower amounts of the tumor suppressor
microRNA (miR) — 15a and, therefore, promote tumor growth in vivo?°2. Furthermore,
EV are key players in microenvironmental-derived therapy resistance of tumor cells by
transferring proteins which increase tumor cell survival and DNA repair. In the tumor
cells themselves, microvesicles can also increase therapy resistance by reducing
intracellular drug concentrations and removing pro-apoptotic proteins?°3. Specifically,
cancer cells resistant to chemotherapeutic drugs found to release more microvesicles
which contained significantly bigger amount of these drugs compared to cancer cells
sensitive to chemotherapy. This suggests that chemotherapeutic drugs may be
extruded from cells via microvesicles?®* Lastly, MSC-derived exosomes enhance
angiogenesis of tumors by increasing VEGF expression in tumor cells by activating
the extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated

protein kinase (MAPK) pathways?2%.
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It is evident from the nature of the autophagic, the endolysosomal, and the
exosome biogenesis pathways which all involve vesicular trafficking and fusion events
that an intricate relationship exists among them at different stages. One example is
the formation of the amphisomes that were mentioned above which are formed from
the fusion of autophagosomes with endosomes and MVB. Another illustration of this
is the fact that MVB can be degraded via autophagy 2°¢ and therefore autophagy can
regulate exosome biogenesis and EV degradation. In turn, EV can induce intracellular

autophagy to the target/recipient cell, thus, acting in a cytoprotective manner2°’.

The interplay of exosomes and autophagy might be important also in the presence
of cancer. Under the hypoxic and nutrient-deprived conditions of the tumor
microenvironment autophagy promotes the survival of tumor cells?®®, while hypoxia
induces exosome production and alters their proteomic and nuclear acid profiles2®.
Endoplasmic reticulum (ER) stress can also trigger autophagy in cancer cells?1° and
simultaneously increases exosome release?!!. Further, both exosomes and
autophagy have been found to mediate therapy resistance?'2213, Lastly, tumor-derived

exosomes induce autophagy in an autocrine manner, thus, promoting tumor growth?14,

9. PLEKHMZ1: a hub between autophagy and the endolysosomal system

The autophagic and the endocytic pathways require the fusion of the lysosome
with the autophagosome or the MVB, respectively. Specific proteins facilitate the
trafficking and fusion of these vesicles. One such protein is the pleckstrin homology
domain-containing family M member 1 (PLEKHM1). Mutation of PLEKHML in rats and
humans may lead to an osteopetrotic phenotype?'®. Specifically, PLEKHM1 controls
the release of enzymes from secretory lysosomes, which are contained in BM

osteoclasts, in a way that aids the degradation of bone during the bone remodeling
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process. In the absence of PLEKHML the trafficking of the aforementioned lysosomes

is impaired. Therefore, the bones become thicker and more fragile (osteopetrosis).

Additionally, PLEKHM1 is associated with other cellular functions including
lysosomal distribution, epidermal growth factor receptor (EGFR) degradation, major
histocompatibility complex (MHC) molecules recycling, and autophagy completion'62,
Regarding the latter, PLEKHML1 serves as an autophagy adaptor protein and mediates
the fusion of autophagosomes with lysosomes®? at the latest steps of this process.
Therefore, PLEKHM1 contributes to the degradation of the damages organelles and
protein aggregates®®® and it is regulated via phosphorylation by the mammalian target
of rapamycin (MTOR) and MAPK pathway?'¢ but the function of this regulation is yet
to be defined. Additionally, PLEKHML1 is involved in the fusion and trafficking of
endosomest62217.218 jncluding MVB which upon fusion with the plasma membrane

release exosomes into the extracellular space.

Hypothesis

Given the role of PLEKHML1 in quality control mechanisms in osteoclasts, we
hypothesized, that PLEKHML1 in the cells of the BMM might play a role in leukemia

progression.
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Materials and Methods

1. Mice and Genotyping
All animal experiments were approved by the local government (Regeierungsprasidium
Darmstadt, Germany). 8—-10 week-old (used as recipients) or 5-6 week-old (used as donors)
C57BL/6 mice were purchased from Charles River Laboratories (Sulzfeld, Germany). 8-10

week-old Plekhm1 KO mice were used for all experiments.
Plekhm1l gene: Primers and Polymerase Chain Reaction (PCR) conditions

Primers:

Wild type allele: 390 base pairs (bp)

Forward: 5-CACTGAGCCATCTCACCAGCC-3
Reverse: 5-CCCAAACTGCCCTGTTTACAC-3
KO allele: 274 bp

Forward: 5-AGAGGCTATTCGGCTATGACTG-3
Reverse: 5-GCAAGGTGAGATGACAGGAGAT-3’

PCR conditions:

1. 95°C 2min
2. 95°C 30sec
3. 60°C 30sec
4. 72°C 30sec

Repeat steps 2-4 30 times

5. 72°C 5min
6. 4°C  hold
2. Virus production and titration
3x10° 293T cells were seeded on 6 cm plates and 18 hours later 4 ml of fresh medium

containing 25uM of chloroquine was added. Initially, a master mix with 10pg of DNA (BCR-
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ABL1+ plasmid), 5 ug Ecopack, and 2M CaCl, was made. HBS (280mM NacCl, 50mM HEPES,
1.42mM NazHPO4pH 7.05) sterilized by 0.2 ym filtering was added to the master mix dropwise
while vortexing. The final mixture was added to each plate dropwise. 8 hours late the medium
was changed with without chloroquine. 48 hours later the virus was harvested and filtered
through a 0.2 um filter and stored in aliquots of 2ml at -80 °C. Titration: NIH/3T3 cells were
seeded at 3 x10° per 6 cm plate. After 18 hours, the cells were transduced with the virus in a
1:3, 1:10, 1:30, and 1:100 dilution and incubated at 5% CO> / 37 °C in an incubator for 48
hours. After trypsinization, the cells were washed and resuspended in 500 ul of phosphate-
buffered saline (PBS) and analyzed by flow cytometry. (Fortessa Flow Cytometer). The data
were further analyzed and edited using the FlowJo software to calculate the percentage of
successfully transduced GFP* cells.
3. Bone marrow (BM) transduction/transplantation
3.1 CML

For the induction of chronic myeloid leukemia (CML)-like myeloproliferative neoplasia (MPN)
donor BM cells were harvested from mice which had been treated with 5-fluorouracil (5-FU)
(Cat. No. F6627, Sigma-Aldrich, Darmstadt, Germany) (200mg/kg) 4 days earlier and placed
in sterile cold PBS + 2% FBS. For harvesting, the BM was flushed from the bones (femurs
and tibiae) of the mice with DMEM + 10% FBS + 1% Pen-Strep + 1% L-Glutamine using a
25G needle and syringe under sterile conditions. The cells were centrifuged at 1000 rpm for
10 min and the pellet was resuspended in 1 ml of ammonium-chloride-potassium ACK lysis
buffer (Cat. No. A1049201, ThermoFisher Scientific, Waltham, MA) for 5 min at room
temperature for the lysis of the red blood cells. The ACK lysis buffer was diluted by adding
10ml of medium and the cells were pelleted down again. The final pellet was resuspended in
1ml of medium and the cells were counted. Depending on their number the cells were cultured
either in 1 or 2 10cm dishes in RPMI, 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin and 1% L-glutamine supplemented with 50ng/ml stem cells factor

(SCF) (Cat. No, 250-03, PeproTech, London, UK) (50 ng/ml), interleukin (IL)-3 (Cat. No. 213-
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13, PeproTech, London, UK) (6 ng/ml), and IL-6 (Cat. No. 216-16, PeproTech, London, (10
ng/ml) overnight. The next day, the cells were collected and resuspended in 4ml of the above
medium and transduced with 4ml of previously titrated retrovirus expressing MSCV IRES GFP
BCR-ABL1 by centrifugation at 2500 rpm for 90 min at 32 °C with 5ug/ml polybrene and 50mM
HEPES (Cat. No. 15630080, ThermoFisher Scientific, Waltham, MA). Next, fresh medium was
added and the cells were returned to the incubator overnight. The following day, the process
of virus transduction was repeated and again the cells were placed in a 37 °C / 5% CO2
incubator for 2-4 hours. Finally, the cells were counted and transplanted intravenously (i.v.)
without sorting into sub-lethally irradiated recipient mice (2x450 cGy) at a dose of 2.5x10° cells
per recipient in Hanks balanced salt solution (HBSS) solution?'%22°, The mice were monitored

daily and any abnormalities in their posture, health status, and behavior were noted.

3.2 AML
For the induction of acute myeloid leukemia (AML), donor BM cells were harvested from 5-FU
treated WT mice, transduced twice with cryopreserved retrovirus expressing MSCV-IRES
GFP MLL-AF9 as above, and transplanted i.v. into sub-lethally irradiated recipient mice (2x450
cGy) at a dose of 5x10° cells per recipient??! in HBSS solution. The mice were monitored daily

and any abnormalities in their posture, health status, and behavior were noted.

3.3 BALL - Primary transplant
For the induction of BCR-ABL1" B-cell acute lymphoblastic leukemia (B-ALL) BM cells were
harvested from non-5-FU treated WT mice, transduced once with MSCV-IRES GFP BCR-
ABL1-expressing retrovirus, and transplanted i.v into sub-lethally (2x450 cGy) irradiated
recipient mice at a dose of 1x10° cells per recipient in HBSS solution. The mice were
monitored daily and any abnormalities in their posture, health status, and behavior were noted.

The mice were euthanized when they were moribund.

3.4 BALL - Secondary transplant
For the induction of B-ALL in secondary recipient mice, unsorted BM cells from WT or Plekhm1

KO primary recipient mice with established B-ALL were harvested on day 20 after
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transplantation, counted, and transplanted i.v. at a dose of 2x10° cells per recipient into sub-
lethally (2x450 cGy) irradiated recipient WT mice in HBSS solution. The mice were monitored
daily and any abnormalities in their posture, health status, and behavior were noted.
3.5 Preincubation of BCR-ABL1-transduced BM cells with sV

BM cells were harvested as above (“BALL — Primary transplant”) from non-5-FU treated WT
mice and transduced with BCR-ABL1. Subsequently, the cells were incubated with SEV
prepared from the supernatants of WT or Plekhm1 KO MSC (see sEV isolation) for 1h in RPMI,
1% penicillin/streptomycin, and 1% L-glutamine without serum (FBS). The ratio that was used

was 1:5 donor (MSC) to recipient (BCR-ABL1-transduced) cells.

4. Homing
BM cells were harvested from non-5-FU treated WT mice and transduced once with retrovirus
expressing MSCV-IRES GFP BCR-ABL1. Subsequently, the cells were incubated overnight
in RPMI, 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine supplemented with IL-7
(Cat. No. 217-17, PeproTech, London, UK) (10 ng/ml). Finally, the cells were transplanted i.v.
into sub-lethally (2x450 cGy) irradiated recipient WT or Plekhm1 KO mice at a dose of 3x10°
cells per recipient in HBSS. 18 hours after transplantation, the BM cells of the recipient mice
were analyzed for the percentage of GFP* (BCR-ABL1)* BP-1* cells by flow cytometry.

5. Analysis of diseased mice and tumor burden
Leukemia progression was assessed by both complete blood count (CBC) analysis (Scil
Animal Care Company, Viernheim, Germany) and the percentage of GFP* (BCR-ABL1") BP-
1* in the case of BCR-ABL1*B-ALL, GFP* (BCR-ABL1)" CD11b*cells in the case of CML-like
MPN, and GFP* (MLL-AF9*) Gr-1* cells in the case of AML, in the peripheral blood of the
diseased mice by flow cytometry (BD Fortessa, Heidelberg, Germany).

6. Flow cytometry
For the hematological profile of WT or Plekhm1 KO mice antibodies to the following markers
were used: CD11b (Cat. No. 55312, BD Biosciences Franklin Lakes, NJ, USA) (myeloid cells),

Terl19 (Cat. No. 561032, BD Biosciences Franklin Lakes, NJ, USA) (erythroid cells), CD5
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(Cat. No. 553019, BD Biosciences Franklin Lakes, NJ, USA) (T lymphocytes), B220 (Cat. No.
103207, BioLegend, San Diego, CA, USA) (B lymphocytes), F4/80 (Cat. No. 565409, BD
Biosciences Franklin Lakes, NJ, USA) (macrophages), Gr-1 (Cat. No. 557661, BD
Biosciences Franklin Lakes, NJ, USA), c-Kit (Cat. No. 553356, BD Biosciences Franklin
Lakes, NJ, USA), Scal (Cat. No. 108114, BioLegend, San Diego, CA, USA), CD48 (Cat. No.
103418, BioLegend, San Diego, CA, USA) and CD150 (Cat. No. 115903, BioLegend, San
Diego, CA, USA). LKS cells were defined as Lin (Gr-1, Ter119, CD5, B220, F4/80) c-Kit*
Scal* and LKS SLAM cells as Lin™ c-Kit" Scal* CD48 CD150*. For the detection of apoptotic
cells AnnexinV (Cat. No. 640941, BioLegend, San Diego, CA, USA) and 4',6-diamidino-2-
phenylindole (DAPI) (Cat. No. 12453, Merck, Darmstadt, Germany) were used. AnnexinV*
DAPI cells were considered as early and AnnexinV* DAPI* cells as late apoptotic cells. For
cell cycle analysis BM cells were stained with BP-1 antibody for 30 min at 4 °C in the dark,
permeabilized with cold methanol for 10 minutes and stained overnight with Ki-67 (Cat. No.
652406, BioLegend, San Diego, CA, USA) and DAPI. The cell cycle tool in FlowJo_v10.6.2
software was used to distinguish the G1, S and G2 phases. For the detection of the different
B-cell fractions the following combination of markers was used??2:

A: B220"°“CD43"hBP1"e9HSA"eY

B: B220°"CD43"9"BP1"eIHSAPS

C: B220°"CD43"snBpP1MghHSAPos

D: B220""CD43"e9|gMney

E: B220"9"CD43"e9|gM™id

E: Bzzohigh++CD43neg|thigh/mid

For the detection of the B-cell surface markers the following antibodies were used: CD43 (Cat.
No. 143209, BioLegend, San Diego, CA, USA), HSA (CD24) (Cat. No. 138505, BioLegend,
San Diego, CA, USA), IgM (Cat. No. 561285, BD Biosciences Franklin Lakes, NJ, USA), CD19
(Cat. No. 115531, BioLegend, San Diego, CA, USA) and B220 (Cat. No. 103207, BioLegend,

San Diego, CA, USA).
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7. Quantitative real-time PCR
BM cells from WT or Plekhml KO mice were collected on day 20 after transplantation,
centrifuged (at 1200 rpm for 10 minutes), and lysed in TRIzol reagent (Cat. No. 15596026,
ThermoFisher, Darmstadt, Germany). For the isolation of RNA, chloroform was added, and
the RNA was purified using an mRNA purification kit (Qiagen, Dusseldorf, Germany) according
to the manufacturer’s instructions. The RNA concentration was measured using a NanoDrop
(ThermoFisher, Darmstadt, Germany), and equal amounts (200-300ng) of RNA were reverse
transcribed into cDNA using the ProtoScript First Strand cDNA Synthesis kit (New England
Biolabs, Ipswich, MA). A master mix was prepared with Power SYBR Green (Cat. No. A25742,
Thermo Fisher Scientific, Darmstadt) with 10uM forward and 10uM reverse primers in triplicate
with an RNA amount of 10 ng or higher. The average Ct value was calculated and normalized
to the Ct values of GAPDH. Delta Ct and Delta Delta Ct values were calculated and
represented as either Delta Ct or as relative expression. If needed, the fold change of the
Plekhm1 KO samples to WT was calculated. The primers used were as follows: Pax5 forward:
AATCGCTGAGTACAAACGCCAA reverse: TCCGAATGATCCTGTTGATGGA, Ikfz1 forward:
TCGGGAGAGAAAATAATGG reverse: AGGCCGTTCACCAGTATGAC, Ebfi forward:

AGATCTGGTTGAAGCCCTGTATGG reverse: CATGTCACATCTCAGATCCTGTGTTCT.

8. Osteoclast isolation and differentiation
Femora and tibiae from 4-6 week old mice were aseptically removed and BM cells were
flushed with a-MEM using a 25G needle and syringe. The cells were collected in a 50ml tube,
centrifuged at 1000 rpm for 5 min, resuspended in fresh medium, and strained through a 70um
filter. Finally, the cells were cultured in a 10 cm dish with 10 ml of a-MEM containing 10% FBS,
1% penicillin/streptomycin, and 1% L-glutamine in a 37 °C / 5% CO2 incubator overnight.
Subsequently, non-adherent cells were gently removed with a 10 ml pipette and added to a
50 ml tube. The dish was gently washed one more time with 10 ml of medium, and this was
added to the same 50 ml tube. After centrifugation at 1000 rpm for 5 min, the supernatant was
removed, and the pellet was resuspended in 5 ml of medium. Additionally, 5 more ml were

used to rinse the tube. In a new 50 ml, tube 15 ml of Ficoll-Paque PLUS (Cat. No. 17-1440-
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02, Fisher Scientific, Stockholm, Sweden) were added, and gently the 10 ml of cell suspension
were layered on top of the Ficoll-Paque PLUS. The cells were centrifuged at 2500 rpm for 30
min at room temperature with no break. The interphase, which contains the mononuclear cells,
was collected in a 50 ml tube using a 10 ml pipette. The volume was brought up to 30 ml with
complete medium and the cells were centrifuged at 1000 rpm for 5 min. Finally, the
supernatant was removed and the cells were resuspended in complete medium (2ml/ mouse).
50,000 cells were plated in a well of a 96-well plate and then treated with 50ng/ml macrophage
colony-stimulating factor (MCSF) for 48-72 hours (BM macrophages). Then, the cells were
treated for an additional 4-6 days with 50ng/ml MCSF and 50ng/ml receptor activator of
nuclear factor kappa-B ligand (RANKL) (Cat. No. 462-TEC-010, R&D systems, Minneapolis,
MN, USA)?%Z, From day 6, multinuclear cells (osteoclasts) were visible under the light

microscope.

9. Osteoclast resorption assay
Bovine cortical bone slices (boneslices.com, Jelling, Denmark) of 6 mm diameter and 0.4 mm
thickness were placed in a 96-well plate (1 bone slice per well), and the differentiation to
osteoclasts, as described above, was performed on top of the slices. The pits generated in
the bone slices by the osteoclasts were stained using 1% toluidine blue solution (Cat. No.
89640, Merck KGaA, Darmstadt, Germany) and were visualized under the light microscope??*.

The area of the pits was measured using the Image J software.

10. Proliferation of BCR-ABL1" BA/F3 cells on osteoclasts
BCR-ABL1*BA/F3 cells were cultured in a 96-well plate (10,000 cells/well) on top of previously
in vitro differentiated WT or Plekhm1l KO osteoclasts, as described above. The cells were
counted for 4 days using trypan blue (Cat. No. T8154, Merck KGaA, Darmstadt, Germany) to

distinguish live from dead cells.

11. Preparation of mesenchymal stromal cells
Femora and tibiae from WT or Plekhm1 KO mice were harvested and stored in ice-cold PBS
+ 2% FBS. Pelvic bones were also kept in ice-cold PBS (used for controls). The bones were
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crushed gently using a sterile pestle and mortar, and cut in small pieces using scissors until
they resembled a paste. The crushed bones were washed 3 times using HBSS* (HBSS
supplemented with 2% FBS, 10mM HEPES and 1% penicillin/streptomycin), collected in 50ml
falcons, and incubated in 15ml of DMEM + 0.2% collagenase A (Cat. No. 10103586001, Merck
KGaA, Darmstadt, Germany) at 37°C for 1 hour while shaking (110rpm). For the flow
cytometry controls the pelvic bones were crushed, suspended in 3-4 ml of PBS + 2% FBS and
the suspension was aspirated, filtered through a 70um filter and kept on ice. After digestion
with collagenase A, the cell suspension was filtered through a 70um filter and was put on ice
to quench the collagenase activity. The remaining bones were transferred to the mortar and
crushed by use of the pestle. 5ml of HBSS™ was added, and the cell suspension was filtered
through a 70um filter; the whole process was repeated 5 times. The cell suspension was
combined with the one from the previous step. All cell suspensions (from WT mice, Plekhm1
KO mice and controls) were centrifuged at 800 rpm at 4°C for 10 minutes. The supernatant of
all samples was aspirated, and the red blood cells were lysed using 1ml of ACK lysis buffer
for 5 minutes at room temperature (RT). The cells were washed by adding 9 ml of HBSS™, and
the cell suspensions were filtered through a 70um filter and centrifuged at 800 rpm at 4°C for
10 minutes. The supernatant was aspirated and the cells were stained. For the main samples
the digested bones were stained with antibodies against CD45 (Cat. No. 553081, BD
Biosciences Franklin Lakes, NJ, USA), Ter119 (Cat. No. 561032, BD Biosciences Franklin
Lakes, NJ, USA), PDGFRa (Cat. No. 17-1401-81, Thermo Fisher Scientific, Darmstadt,
Germany) and Scal (Cat. No. 108114, BioLegend, San Diego, CA, USA), and CD45 Terl1l9
PDGFRa* Scal* mesenchymal stromal cells (MSC) were obtained by sorting (BD FACSAria
Fusion Cell Sorter, Franklin Lakes, NJ, USA)?%. For the floe cytometry controls the cell pellet
was resuspended in 1ml of HBSS* and it was divided into 3 tubes: unstained in which no
antibodies were added, stained control #1 or -PDGFRa in which 1 pl of CD45 and 1yl of Scal
were added and stained control #2 or -Scal in which 1 pl of CD45 and 1ul of PDGFRa were
added. The samples were incubated at 4°C for 1 hour in the dark. Subsequently, the stained
samples were washed with 10 ml of HBSS™ for the main samples (WT and KO) and 1 ml for
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the control samples. The samples were centrifuged at 800rpm for 10 minutes. The cells from
WT, Plekhm1 KO mice, and flow cytometry control samples were resuspended in 1 ml of
HBSS* and propidium iodide (PI) solution (2ug/ml) (Cat. No. P4170, Sigma-Aldrich,
Darmstadt, Germany) was added. The unstained cells were resuspended in HBSS* only.
Finally, MSC were isolated by sorting (BD FACSAria Fusion Cell Sorter, Franklin Lakes, NJ,

USA).

12. Mesenchymal stromal cell culture
Depending on number of cells that were sorted, the MSC were cultured in a 48-, 24-, 12- or 6-
well plate in a-MEM with 20% FBS, 1% penicillin/streptomycin and 1% L-glutamine. The
medium was supplemented with 100 pg/ml of primocin (InvivoGen, Toulouse, France) until
passage 2 to prevent cell contamination. The cells were split 2 times a week in a 1:2 ratio
using 0.25% trypsin (Cat. No. 25200056, ThermoFisher Scientific, Darmstadt, Germany).

MSC were not cultured or used for downstream applications beyond passage 6.

13. Colony forming unit fibroblast assay (CFU-F)
2,000 WT or Plekhm1 KO MSC, obtained as described above??®, were plated in 10cm dishes.
Half the volume of the medium was carefully removed and substituted with fresh medium twice
a week for a total of 10 days. Subsequently, the medium was removed and the cells were fixed
with 4% paraformaldehyde (PFA) (Cat. No. sc-281692 Santa Cruz, Heidelberg, Germany) for
15 min at RT. The cells were stained with 1% crystal violet (Cat. No. HT901, Sigma-Aldrich,
Darmstadt, Germany) solution (in 20% methanol) at RT for 30 minutes. The colonies were

counted and images were taken?%.

14. Differentiation of MSC
6,000 WT or Plekhm1 KO MSC were seeded in 48-well plates. Subsequently, the MSC were
differentiated into adipocytes using adipocyte differentiation and maintenance medium (Cat.
No. PT3102A, PT3102B, Lonza, Cologne, Germany) or into osteoblasts using a-MEM
containing 20 % FBS, 1% penicillin/streptomycin and 1% L-glutamine supplemented with 50
Mg/ml ascorbic acid (Cat. No. A5960, Sigma-Aldrich, Darmstadt, Germany), 10 mM [3-
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glycerophosphate (Cat. No. G9422, Sigma-Aldrich, Darmstadt, Germany) and 10 mM
dexamethasone (Cat. No. 50022, Merck, Darmstadt, Germany) for 10 days. The differentiated
cells were fixed and stained with Von Kossa (1% silver nitrate — Cat. No. S8157 Sigma-Aldrich,
Darmstadt, Germany) or alizarin red S (Cat. No. A5533, Sigma-Aldrich, Darmstadt, Germany)
solution for detection of calcium deposits or with oil red O solution for the detection of lipid

droplets??.

15. Immunofluorescence
WT or Plekhm1 KO MSC were cultured on 12 mm coverslips in 24 well plates until they reach
60% confluency. Subsequently, the cells were washed with PBS twice and fixed using 4%
PFA (Santa Cruz, Heidelberg, Germany) for 15 minutes at RT. The cells were incubated in
saponin-based blocking solution (PBS, 5mM MgCl,, 0.1% saponin, 5% FBS) for 30 minutes
at RT, and, subsequently, the cells were stained for 1h with the respective antibodies as
follows. For the detection of multivesicular bodies (MVB) the cells were stained with anti-CD63
(Cat. No. sc-5275, Santa Cruz, Heidelberg, Germany) antibody at a 1:300 dilution in blocking
solution for 1 hour at RT. For the detection of syndecan-1 the cells were incubated with anti-
syndecan-1 (Cat. No. ab60199, Abcam, Cambridge, UK) at a 1:300 dilution in blocking solution
for 1 hour at RT. Phalloidin (Cat. No. A22287, Thermo Fisher Scientific, Darmstadt, Germany)
was used to stain actin filaments. For autophagy studies anti-LC3 (Cat. No. M152-3, MBL
International, Woburn, MA, USA) and anti-LAMP1 (ab208943, Abcam, Cambridge, UK), both
at a 1:300 dilution in blocking solution, were used for 1 hour at RT. The secondary antibodies,
anti-rabbit (Cat. No. A22287, Thermo Fisher Scientific, Darmstadt, Germany) or anti-mouse
(Cat. No. A11029, Thermo Fisher Scientific, Darmstadt, Germany), were used at a 1:400
dilution in blocking solution for 1 hour at RT. Nuclei were counterstained with DAPI (5 ug/ml)
and the slides were mounted using mowiol 4-88 reagent (Sigma-Aldrich, Darmstadt,
Germany) mounting medium. Images were acquired using a confocal laser scanning

microscope (CSLM) (Leica, Wetzlar, Germany) and analyzed using Image J software.
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16. Preparation of extracellular vesicles (EV)
WT or Plekhm1l KO MSC were washed twice with PBS and incubated in a-MEM containing
1% penicillin/streptomycin and 1% L-glutamine without FBS for 24 hours. Subsequently, the
conditioned medium (CM) was collected and centrifuged at 300 x g for 10 minutes at 4°C to
discard the dead cells and the supernatant was centrifuged at 2,000 x g for 20 minutes to
remove the cell debris. Next, the supernatant was centrifuged at 10,000 x g for 1 hour to
precipitate the large EV'®’. The remaining supernatant was then transferred to fresh 50ml
tubes, balanced for weight and further centrifuged for 90 minutes at 100,000 x g to isolate the
small EV (sEV). The pellet was resuspended in PBS (for imaging flow cytometry analysis and
functional in vitro assays), HBSS for in vivo functional assays and RIPA buffer (see
“Immunoblotting”) for immunoblot analysis. The PBS and HBSS solutions that were used
during the isolation process were filtered with a 0.2 um filter.
17. Immunoblotting

MSC, stV prepared from MSC or BCR-ABL1* BA/F3 cells were lysed in RIPA buffer (50 mM
Tris HCI pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% Na DOC, 0.1% SDS, 1 mM EDTA),
supplemented with fresh protease and phosphatase inhibitors (Sigma-Aldrich, Darmstadt,
Germany). Lysates were centrifuged at 14000 rpm for 20 minutes at 4°C, and the protein
concentration was measured using the Bradford protein assay (Cat. No. 50000006, Bio-Rad,
Hercules, CA, USA). The proteins were denatured and run on 4-12% Bis-Tris polyacrylamide
gels (ThermoFisher Scientific, Darmstadt, Germany), and, subsequently, transferred to
methanol-activated PVDF membranes (ThermoFisher Scientific, Darmstadt, Germany). In the
case of MSC and BCR-ABL1* BA/F3 cells, equal amounts of protein were used, while, in the
case of sEV, protein amounts from an equal number of donor MSC were used for
immunoblotting. The membranes were incubated at 4°C overnight with the following
antibodies for the detection of the respective proteins: pFAK (Tyr397) (Cat. No. 3283, Cell
Signaling, Frankfurt am Main, Germany) at 1:500 in TBS-T, FAK (Cat. No. 610087, BD

Biosciences Franklin Lakes, NJ, USA) at 1:1000 in 5% milk, AKT (Cat. No. 9272, Cell
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Signaling, Frankfurt am Main, Germany) at 1:1000 in 5% milk, syntenin (Cat. No. sc-515538,
Santa Cruz, Heidelberg, Germany) at 1:500 in 5% milk, syndecan-1 (Cat. No. ab60199,
Abcam, Cambridge, UK) at 1:500 in 5% milk, GM130 (Cat. No. PA1-077, Thermo Fisher
Scientific, Darmstadt, Germany) at 1:1000 in 5% milk, phospho-p65 (Cat. No. 3033 Cell
Signaling, Frankfurt am Main, Germany) at 1:1000 in TBS-T, p65 (Cat. No. 8242, Cell
Signaling, Frankfurt am Main, Germany) at 1:1000 in 5% milk, GAPDH (Cat. No. sc-32233,
Santa Cruz, Heidelberg, Germany) at 1:2000 in 5% milk and vinculin (Cat. No. MA5-11690,
Thermo Fisher Scientific, Darmstadt, Germany) at 1:2000 in 5% milk. Secondary horseradish-
peroxidase (HRP)-conjugated (Cell Signaling, Frankfurt am Main, Germany) antibodies were
used at 1:3000 in 5% milk. The membranes were developed using X-ray films (Fujifilm,

Dusseldorf, Germany) and band intensities were quantified using Image J software.

18. Mass Spectrometry

SEV sample preparation for mass spectrometry

sEV were prepared as described in the “Preparation of extracellular vesicles” section, and the
final pellet was dissolved in 0.2 um filtered PBS. Sample preparation was performed using the
in StageTip (“iST”) method, described in 226, with minor modifications. Briefly, the sEV were
lysed, reduced and alkylated in sodium deoxycholate (SDC) buffer (2% SDC, 50mM Tris pH
8.5, 1mM tris (2-carboxyethyl) phosphine, 4mM chloroacetamide). The proteins were boiled
for 10 minutes at 95°C, digested by adding one volume of 50mM Tris pH 8.5 containing 500ng
LysC/Trypsin and incubated overnight at 37°C. The digestion was stopped with
isopropanol/1% trifluoroacetic acid (TFA), and the peptides were purified on SDB-RPS stage
tips (3M Empore) and centrifuged at 3500 x g for 5 minutes. Next, isopropanol/1%TFA was
added, the samples were centrifuged at 3500 x g for 3 minutes, and, finally, 0.2% TFA in water
was added. After final centrifugation the peptides were eluted in 80% acetonitrile (ACN)/1.25%
ammonia and dried by vacuum centrifugation before reconstitution in 2% ACN, 0.1% TFA for

LC-MS/MS analysis.

LC-MS analysis

67



Tryptic peptides derived from isolated sEV were analysed on a Q Exactive HF coupled to an
easy nLC 1200 (ThermoFisher Scientific, Waltham, MA) using a 35 cm long, 75um ID fused-
silica column packed in house with 1.9 um C18 particles (Reprosil pur, Dr. Maisch), and kept
at 50°C using an integrated column oven (Sonation). Peptides were eluted by a non-linear
gradient from 1.5-40% acetonitrile over 220 minutes and directly sprayed into the mass-
spectrometer equipped with a nanoFlex ion source (ThermoFisher Scientific, Waltham, MA).
Full scan MS spectra (300-1650 m/z) were acquired in profile mode at a resolution of 60,000
at m/z 200, a maximum injection time of 20 ms and an AGC target value of 3 x 10° charges.
Up to 15 most intense precursors per full scan were isolated using a 1.6 Th window and
fragmented using higher energy collisional dissociation (HCD, normalized collision energy of
27). MS/MS spectra were acquired in centroid mode with a resolution of 15,000, a maximum
injection time of 25 ms and an AGC target value of 1 x 10°. Single charged ions, ions with a
charge state above 5 and ions with unassigned charge states were not considered for

fragmentation and dynamic exclusion was set to 30s.

Mass spectrometry data processing

MS raw data processing was performed with MaxQuant (v 1.6.10.43) and its built-in label-free
quantification algorithm MaxLFQ applying default parameters 227228, Acquired spectra were
searched against the mouse reference proteome (Taxonomy ID 10090) downloaded from
UniProt (10-12-2018; 62309 sequences including isoforms) and a collection of common
contaminants (244 entries) using the Andromeda search engine integrated in MaxQuant 22°,
Identifications were filtered to obtain false discovery rates (FDR) below 1% for both peptide
spectrum matches (PSM; minimum length of 7 amino acids) and proteins using a target-decoy

strategy 2. “Match-between-runs” was enabled applying default settings.

Mass spectrometry data statistical analysis

Filtering and statistical analysis of the MaxQuant output (“ProteinGroups.txt”) was performed

in Perseus (v 1.6.7.0). Proteins not passing the protein-FDR cut-off (“only identified by site”)

68



and/or identified in the reversed or contaminants databases were removed and only proteins
with at least 2 values per experimental group (WT and KO) were used for statistical analysis.
Significant proteins were defined after a Student’s t-test applying a p-value cut-off (<0.05) and

fold-change threshold (log2ratio larger than +-0.58).

Preparation of leukemia cells for mass spectrometry

Leukemic mice were sacrificed on day 20 after transplantation, and bone marrow cells were
harvested and centrifuged at 1000 x g for 10 minutes. 80% of leukocytes were positive for
both GFP and BP-1 in both mouse groups. Cell pellets were dissolved in lysis buffer (2% SDS,
10mM TCEP, 40mM CAA, 50mM Tris pH 8.5), boiled for 10 minutes at 95°C followed by 2
minutes of sonication and another 5 minutes of boiling at 95°C.

Proteins were precipitated using 4 volumes of ice-cold methanol, 1 volume of chloroform and
3 volumes ddH20. After centrifugation at 14,000 x g for 45min at 4°C, the upper aqueous
phase was aspirated, and 3 volumes of ice-cold methanol were added. Samples were mixed
and proteins pelleted by centrifugation at 14,000 x g for 5 min at 4°C. The supernatant was
discarded, and pellets were washed one additional time with ice-cold methanol. Protein pellets
were dried at RT for further use. Proteins were resuspended in 8M urea, 50mM Tris pH 8.2,
and the protein concentration was determined using the BCA assay (23225, Thermo Fisher
Scientific, Waltham, MA). 50ug of protein from each sample were diluted to a final
concentration of 4M urea using digestion buffer (50mM Tris pH 8.2) and incubated with LysC
(Wako Chemicals, Neuss, Germany) at a 1:50 (w/w) ratio for 3 hours at 37°C. The sample
was then further diluted to a final concentration of 1M urea using digestion buffer and
incubated in a 1:100 (w/w) ratio with trypsin (V5113, Promega, Madison, WI) overnight at
37°C. Digests were acidified using trifluoroacetic acid (TFA) (to 0.5%), and peptides were
purified using SepPak tC18 columns (WAT054955, Waters, Milford, MA) according to the
manufacturer’s protocol. Eluted peptides were dried, resuspended in TMT labelling buffer
(0.2M EPPS pH 8.2, 20% acetonitrile), and the peptide concentration was determined by

micro-BCA (23235, Thermo Fisher Scientific, Waltham, MA). Peptides were mixed with TMT10
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reagents (90111, A37724, 90061, ThermoFisher Scientific, Waltham, MA) in a 1:2 (w/w) ratio
(2ug TMT reagent per 1ug peptide). Reactions were incubated for one hour at RT and,
subsequently, quenched by addition of hydroxylamine to a final concentration of 0.5% at RT
for 15 min. After verification of labelling efficiency (>99%) and calculating necessary ratios for
equal mixing by liquid chromatography — mass spectrometry (LC-MS), all samples were
pooled, dried in a vacuum concentrator and fractionated using the Pierce High pH Reverse-
Phase Peptide Fractionation Kit (84868, Thermo Fisher Scientific, Waltham, MA) into 8
fractions according to the manufacturer’s instructions. Peptide fractions were dried and stored
at -20°C until mass spectrometry analysis, for which they were resuspended in LC-MS grade
water containing 2% ACN and 0.1% TFA.

All mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium Database®! via the PRIDE partner repository?®? with the dataset identifier

PXD027041 (Exosomal proteome) and PXD027044 (whole cell proteome).

19. Imaging flow cytometry
For imaging flow cytometry (IFCM) analysis, sEV samples were stained with anti-mouse CD81
antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated at room temperature
for 2 hours. Subsequently, samples were diluted 1:5 with PBS and analyzed on the AMNIS
ImageStreamX Mark Il Flow Cytometer (AMNIS/Luminex, Seattle, WA, USA), as previously
described 233234 following the recommendations of the MIFlowCyt-EV guidelines 2.
Unstained MSC-EV preparations, antibodies diluted in PBS and samples supplemented with
1% NP40 (Calbiochem, San Diego, CA, USA) were analyzed as controls. Acquisition time was
set to 5 minutes per well. Data were acquired at 60x magnification, at a low flow rate, and with
the ‘removed beads option’ disabled. For the calibration of the IFCM device, MESF beads for
PE were used (Bangslab, Hirschberg an der Bergstrasse, Germany). Data were analyzed as

described previously using the IDEAS software (version 6.2)%33:23¢,
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20. In vitro treatment of BCR-ABL1" BA/F3 cells
BCR-ABL1" BA/F3 cells were exposed to sEV derived from WT pr Plekhm1 KO MSC for 40
minutes or 6 hours in a 1.5 ratio (donor (MSC) to recipient (BCR-ABL1" BA/F30 cells)) in the
presence or absence of 20uM dynasore (Cat. No. S8047 Selleckchem, Houston, TX, USA) in
RPMI, 5% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. Subsequently the cells were
collected and lysed in RIPA buffer for immunoblot analysis.

21. In vitro treatment of MSC with TNFa or coculture with BCR-ABL1* BA/F3 cells
12,000 MSC were cultured in a-MEM, 5% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine in a 24 well plate and either treated with TNFa (15ng/ml) for 24 hours or cultured in
the presence of 100,000 BCR-ABL1* BA/F3 cells for 6 or 24 hours. The BCR-ABL1" BA/F3
cells were separated from the MSC by a transwell with a 0.4 ym pore as described in the
schematic in figure 19A.

22. Statistical Analysis
For each experiment three to nine biological replicates were included (except for the data in
figure 17A). Data are represented as mean + SD, and data were considered statistically
significant, when P < 0.05. GraphPad Prism Software (Prism 9.0) was used for the generation
of all graphs and for statistical analyses. Statistical significance was calculated using the
Student’s t-test or one-way or two-way ANOVA. For post hoc analysis the Tukey Test was
employed to determine statistical significance between multiple comparisons. For survival
analyses by Kaplan-Meier curves the Log-rank (Mantel-Cox) test was used to determine

statistical significance.
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Results

1. Plekhml KO and WT mice have comparable hematological profiles
Given that the role of PLEKHM1 in the context of leukemia, but, also in normal
hematopoiesis has not been studied before, we first characterized the hematological
profile of Plekhm1 KO mice compared to wild-type C57BL/6N mice (hereafter WT). To
study the murine profile of hematopoietic cells, the following markers which identify
differentiated blood cells were used: B220 to identify B lymphocytes, Ter-119 for
erythroid cells, CD5 for T lymphocytes, and CD11b for myeloid cells. To study HSC
first, the differentiated cells were removed using the above markers, the so-called
lineage cocktail, with antibodies against these markers (negative selection), combined
with positive selection for markers known to be expressed on HSC such as c-Kit and
Sca-1 (LKS). LKS cells that are selected with the above strategy are a heterogeneous
population that also contains multipotent progenitors in addition to HSC. To obtain
HSC of higher purity an additional marker selection strategy was used to detect LKS
CD150* CD48  (LKS SLAM) which are considered more representative of multipotent
long-term (LT)-HSC?¥’. Plekhm1 KO and WT mice showed similar levels of B220",
Ter-119* and CD5* cells in the PB (Figure 8A), BM (Figure 8B), and spleen (Figure
8C). In contrast, CD11b* cells were similar in the PB (Figure 8A) and spleen (Figure
8C), but, significantly higher in the BM (Figure 8B) of the Plekhm1l KO mice. LKS
(Figure 8D) and LKS-SLAM (LKS* CD48 CD150%) cells (Figure 8E) were detectable
only in the BM and spleen of these mice where they were also found to be similar.
More details on the markers defining the lineage positive cells are provided in the

respective materials and methods section (“flow cytometry”).
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Figure 8: A-C) Percentage of B220*, Ter119*, CD11b* or CD5" cells in PB (A), BM (B) or spleen (C) of
healthy WT (black) or Plekhm1 KO (grey) mice (WT n = 7-8; Plekhm1 KO n = 6-8; t-test). (D) Percentage
of LKS in BM, spleen and PB of healthy WT (black) or Plekhm1 KO (grey) mice (WT n = 7; Plekhm1 KO

n = 7-8; t-test). (E) Percentage of LKS SLAM cells in BM and spleen of healthy WT (black) or Plekhm1

KO (grey) mice (WT n = 7-8; Plekhm1 KO n = 8; t-test).

2. PLEKHM1 deficiency in the bone marrow microenvironment differentially
influences specific leukemias
To elucidate the role of PLEKHML in the leukemic BMM, we induced different types of
leukemia in WT or Plekhml KO recipient mice. Specifically, we induced CML-like
myeloproliferative neoplasia (MPN), AML, and BCR-ABL1* B-ALL using the retroviral

transduction/transplantation model?1°.

I. Chronic myeloid leukemia (CML)-like myeloproliferative neoplasia (MPN)
To induce CML-like MPN we transplanted 2.5 x 10° BCR-ABL1-transduced BM cells
from 5-fluorouracil (5-FU)-treated donor mice into sub-lethally (2 x 450cGy) irradiated
recipient WT or Plekhm1l KO mice. The mice were periodically bled to assess the
tumor load. Leukemia cells are detected as GFP* (BCR-ABL1*) CD11b*, whereby
GFP is used to detect the presence of the BCR-ABL1 oncogene and CD11b to detect
myeloid cells. The percentage of GFP* (BCR-ABL1*) CD11b* cells was reduced in the
PB of Plekhm1 KO compared to the WT mice (Figure 9A) and a modest, but, significant

increase in the survival of these mice was observed (Figure 9B).
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Figure 9: A) Percentage of GFP* (BCR-ABL1*) CD11b* cells in peripheral blood of WT (black) or Plekhm1 KO
(grey) recipient mice on day 12 after transplantation of BCR-ABL1-transduced BM in the CML model (WT n =
4; Plekhm1 KO n = 5; t-test). B) Kaplan-Meier-style survival curve of WT (black solid line) or Plekhm1 KO (grey
dashed line) recipient mice transplanted with 5-fluorouracil (5-FU) treated BCR-ABL1-transduced bone marrow

in the CML model (WT n = 10; Plekhm1 KO n = 14; Log-rank test).
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il. Acute myeloid leukemia (AML)
In the case of acute myeloid leukemia (AML), we transplanted 5 x 10° 5-fluorouracil
(5-FU)-treated donor BM cells, transduced with MLL-AF9-expressing retrovirus, into
sub-lethally (2 x 450cGy) irradiated recipient WT or Plekhm1 KO mice. In this case we
detected the leukemia cells as GFP* (MLL-AF9*) Gr-1*, whereby GFP is used to detect
the presence of the MLL-AF9 oncogene and Gr-1 to detect myeloid cells. We did not
observe any differences in the percentage of GFP* (MLL-AF9*) Gr-1* cells (Figure
10A), which represent the tumor burden in this model, or, in the survival of the

respective group of mice (Figure 10B).
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Figure 10: A) Percentage of GFP* (MLL-AF9) Gr-1* cells in peripheral blood of WT (black) or Plekhm1 KO
(grey) recipient mice on day 20 after transplantation of MLL-AF9-transduced BM in the AML model (WT n =
5; Plekhm1l KO n = 7; t-test). B) Kaplan-Meier-style survival curve of WT (black solid line) or Plekhm1 KO
(grey dashed line) recipient mice transplanted with 5-fluorouracil (5-FU) treated MLL-AF9-transduced bone

marrow (WT n = 5; Plekhm1 KO n = 7; Log-rank test).
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iii. BCR-ABL1" B-cell acute lymphoblastic leukemia (B-ALL)
Finally, we transplanted 1x10°% BCR-ABL1-tansduced BM cells from non-5-FU treated
donor mice into sub-lethally (2 x 450cGy) irradiated recipient WT or Plekhm1 KO mice.
Firstly, we observed an increased number of leukocytes in the PB of the mice at day
20 post-transplantation (Figure 11A). At the same time point the tumor burden, which
was detected as GFP* (BCR-ABL1*) BP-1* cells, with BP-1 being a marker of pre-B
cells, in the PB of the Plekhm1 KO mice was significantly higher (Figure 11B). This
translated to reduced survival of the Plekhm1l KO recipient mice compared to WT

(Figure 11C).
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Figure 11: A) Leukocyte counts in PB of WT (black) or Plekhm1 KO (grey) recipient mice on day 20 after

transplantation with BCR-ABL1*-transduced BM in the B-ALL model (WT n =16; Plekhm1 KO n = 17; t-test).
B) Percentage of GFP* (BCR-ABL1*) BP-1* cells in PB of WT (black) or Plekhm1 KO (grey) recipient mice
transplanted with BCR-ABL1-transduced BM on day 20 after transplantation. (WT n = 17; Plekhm1 KO n =
16; t-test). C) Kaplan-Meier-style survival curve for WT (black solid line) or Plekhm1 KO (grey dashed line)

recipient mice with BCR-ABL1* B-ALL (WT n = 17; Plekhm1 KO n = 18; Log-rank test).
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3. PLEKHML1 deficiency in the BMM does not alter the homing capacity of BCR-
ABL1* B-ALL cells
Next, we tested whether the reason for disease aggressiveness in the Plekhm1 KO recipients
was due to increased homing efficiency of BCR-ABL1" (GFP*) BP-1" to a PLEKHM1 deficient
BM or spleen. We observed a similar percentage of BCR-ABL1* (GFP*) BP-1* leukemia-
initiating cells (LIC) in both BM and spleen of WT and Plekhm1 KO recipients 18 hours post-
transplantation (Figure 12A) suggesting that the increased aggressiveness cannot be

attributed to an increased homing efficiency.
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Figure 12: A) Percentage of GFP* (BCR-ABL1*) BP-1* cells of total leukocytes which homed to the BM
or spleen of WT (black) or Plekhm1 KO (grey) recipient mice 18 hours after transplantation (BM: WT

n=5; Plekhm1 KO n=5; Spleen: WT n=4; Plekhm1 KO n=4; t-test).
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4. Characterization of B-ALL cells in the Plekhm1 KO BMM
To investigate what caused the more aggressive phenotype of B-ALL cells in the
Plekhml KO mice we isolated BCR-ABL1* (GFP*) BP-1* from the BM of WT or

Plekhml1 KO recipient mice on day 20 after transplantation and characterized them.

I. Apoptosis and cell cycle

Analysis of GFP* (BCR-ABL1") BP-1* cells’ apoptotic status using 4',6-diamidino-2-
phenylindole (DAPI) and Annexin V staining, revealed a decreased percentage of early
apoptotic cells (DAPI- AnnV*) in the BM of Plekhm1 KO recipient mice (Figure 13A)
compared to the WT counterparts. However, late apoptotic cells (DAPI* AnnV*) were
similar between the two groups (Figure 13B). Cells from the BM of Plekhm1 KO mice
also showed a significant increase in the Go phase of the cell cycle as it was revealed
by Ki67 staining (Figure 13C). Ki-67 is a cellular marker of proliferation that is present
during all the active phases of the cell cycle (G1, Gi, S, G2, and mitosis), but is absent
in resting (quiescent) cells (Go)?38. However, DAPI staining which is used to stain DNA
and whose intensity increases in the S phase of the cell cycle due to duplication of the
DNA, showed no further differences in the G1, S and G2 phases of the cell cycle (Figure
13D). This suggests that absence of PLEKHM1 might affect the entering of the cells
in the cell cycle but not the progression from one phase to the next, once the cells

have entered the cycle.
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Figure 13: A) Percentage of GFP* (BCR-ABL1*) BP-1* early apoptotic (DAPI- AnnexinV*) cells in the BM
of WT (black) or Plekhm1 KO (grey) mice (WT n=4; Plekhm1 KO n=5; t-test). B) Percentage of GFP*
(BCR-ABL1*) BP-1* late apoptotic (DAPI* AnnexinV*) cells in the BM of WT (black) or Plekhm1 KO
(grey) recipient mice on day 20 after transplantation (WT n = 4; Plekhm1 KO n = 5; t-test). C) Percentage
of GFP* (BCR-ABL1") cells in the Go phase of the cell cycle in the bone marrow of WT (black) or Plekhm1
KO (grey) mice (WT n = 4; Plekhm1 KO n = 5; t-test). D) Percentage of GFP* (BCR-ABL1") cells in the
G, S, and Gz phases of the cell cycle in the BM of WT (black) or Plekhm1 KO (grey) mice (WT n = 4;

Plekhm1 KO n = 5; t-test).
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il. B-cell markers on B-ALL cells from WT or Plekhm1 KO mice
B lymphocytes originate in the BM after differentiation from HSC and go through a
series of differentiation steps until they finally egress from the BM to the periphery.
During these stages, which are regulated by interactions with the BMM3823° B cells
are characterized by the sequential expression of specific surface markers which are
involved in signal transduction and play a role in the developmental fate of B

cells?40(figure 14).

Lymphoid progenitors ~ Pre-pro B cell  Pro-B cell Pre-B cell

Figure 14: Expression of surface markers and presence of key transcription factors in the different stages of

B-cell development. Fit3: definitive marker of lymphoid progenitors, PU.1: TF functions early in the progression

toward B cell specification. Ikaros: transcriptional regulator implicated in early lymphoid specification. IL-7R:

IL-7R-modulated transcription factors control the induction of the B cell-lineage-specification factor EBF1. Cell

committed to the B cell lineage can be identified by expression of CD19, a target of the lineage-commitment

factor Pax5240,

The increased B-ALL aggressiveness in Plekhml KO mice in combination with the
increased percentage of B-ALL LIC in Go phase, as well as their increased viability in
Plekhm1 KO mice led to the question whether these cells were characterized reduced
differentiation or maturation stage compared to the WT counterparts. Therefore, we
used a combination of markers, specifically CD43 (leukosialin, S7), BP-1 and heat
stable antigen (HSA) (30F1), B220, and IgM which have been previously used to
identify different fractions of B cells during development???. Specifically, the following

fractions (with the corresponding markers) were used A: B220'°“CD43""BP1"*IHSA"I,
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B: B220°"CD43""BP1"*IHSAP*, C: B220°"CD43""BP 1M HS AP, D:
B220""CD43"9IgM"es, E: B220M"CD43"9gM™ and F: B220M"*CD43"es|gMMenmid,

There were no differences in the different B-cell fractions (fractions A-F) in the GFP*
BM cells between WT and Plekhm1 KO mice with B-ALL as these are defined by these
markers’ combination (see Materials and Methods) (Figure 15A). However, when we
looked at single markers we noticed that CD19 (Figure 15B) and B220 (Figure 15C),
both B-cell specific markers that control B-cell development?41242, were found to be
decreased in the GFP* BM cells from Plekhml KO compared to WT mice.
Furthermore, expression levels of the paired box 5 (Pax5) gene which encodes for a
transcription factor with a key role in B-lymphocyte development!® and regulates CD19
expression?43, were reduced in BM cells from Plekhm1 KO mice (Figure 15D). We also
tested expression levels of two other genes that code for transcription factors (TF)
which play a regulatory role in B-cell development and have been linked to B-ALL:
Ikaros (IKZF1) and Early B-cell factor 1 (EBF1)244245, However, we could not detect
any differences between the two conditions (Figure 15D). However, in agreement with
the acquisition of a more primitive phenotype further analysis with proteomics revealed
decreased expression of the immunoglobulin heavy constant alpha 1 (IGHA1) and
immunoglobulin kappa constant (IGKC) chains in GFP* (BCR-ABL1*) BP-1* cells
derived from Plekhm1 KO mice (Figure 15E) which are both components of the B-cell

receptor of mature B-lymphocytes?46,
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Figure 15: A) Percentage of GFP* (BCR-ABL1*) cells from the BM of WT (black) or Plekhm1l KO

(grey) mice in the different B-cell fractions (fractions A-F) (WT n = 3-4; Plekhm1 KO n = 4-5; t-test).
B) Mean fluorescence intensity (MFI) of CD19 in GFP* (BCR-ABL1*) cells in the BM of WT (black)
or Plekhml KO (grey) mice with BCR-ABL1* B-ALL on day 20 after transplantation (WT n = 4;
Plekhm1 KO n = 5; t-test). C) Mean fluorescent intensity (MFI) of B220 in GFP* (BCR-ABL1*) cells
in the BM of WT (black) or Plekhml KO (grey) mice with BCR-ABL1* B-ALL on day 20 after
transplantation (WT n = 4; Plekhml1 KO n = 5; t-test). D) Relative expression of Pax5, IKZF1, and
EBF1 in total BM of WT (black) or Plekhm1 KO (grey) mice with BCR-ABL1* B-ALL on day 20 after
transplantation (WT n =4; Plekhml KO n = 4; t-test). E) Volcano plot showing protein expression in
bone marrow cells from WT or Plehkhm1 KO recipient mice with established B-ALL on day 20 after
transplantation. Samples were normalized for protein content prior to mass spectrometry. The x-axis
indicates the difference in protein abundance between Plekhml1l KO and WT mice, while the y-axis
indicates the -log p value (Welch’s t-test). Proteins on the right in dark red showed increased
expression and proteins in dark green reduced expression in Plekhm1 KO mice compared to the WT

(WT n = 4; Plekhm1 KO n = 5; t-test).
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5. A Plekhml1 KO microenvironment increases the number and/or function of B-
ALL-initiating cells (LIC)
Leukemia stem cells are defined by their ability to give rise to disease upon
transplantation into secondary recipients?#’. Therefore, we performed secondary
transplantation assays to assess the number or function of these leukemia-initiating
cells that are found in a WT or Plekhm1l KO BMM on day 20 after transplantation.
Here, we should note that the penetrance of the disease in secondary recipients is
often less than 100% when WT mice are used as both donors and recipients. The
above data suggest that B-ALL cells are more viable and can cause a more aggressive
disease when they are derived from a Plekhml KO compared to a WT
microenvironment. At the same time absence of PLEKHM1 in the BMM seems to
promote a more quiescent phenotype in B-ALL cells as evidenced by the increase in
the Go phase of the cell cycle. Given that increased viability, dormancy, and
differentiation blockade are all characteristics of “leukemia stem cells” (as is the case
in other cancer stem cells) we questioned whether these characteristics can give a

selective advantage to B-ALL-initiating cells as well.

To address this, we isolated B-ALL cells from the BM of WT or Plekhm1 KO primary
recipients on day 20 post-transplantation and transplanted them into secondary WT
recipients. Interestingly, secondary recipient mice of Plekhnm1l KO BMM-exposed B-
ALL cells had an increased tumor burden of GFP* (BCR-ABL1*) BP-1* in their
peripheral blood (PB) on day 20 post-transplantation (Figure 16A). This was
accompanied by an acceleration of B-ALL disease (Figure 16B) suggesting that
PLEKHM1 deficiency in the BMM increases the number and/or function of BALL-
initiating cells. Further characterization of the mice that received B-ALL cells previously

exposed to a Plekhml1l KO BMM revealed an increased number of BCR-ABL1* BP-1*
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cells in the BM (Figure 16C), which were more viable as they were characterized by
decreased early (Figure 16D) and late (Figure 16E) apoptosis. B-ALL initiating cells
previously exposed to a Plekhm1 KO BMM were found to be more in the S phase of
the cell cycle (Figure 16F), while, there was an increased number of cells which had
not entered the cell cycle and were found in the GO phase (Figure 16G). While this
seems contradictory it is possible that we are assessing two different populations and
B-ALL initiating cells exposed to a Plekhm1 KO BMM are more prone to quiescence,
as indicated by an increase in the Go phase, but have entered the cell cycle they

actually cycle faster compared to the B-ALL LIC exposed to a WT BMM.
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Figure 16: A) Percentage of GFP* (BCR-ABL1*) BP-1* cells in the peripheral blood of WT secondary recipient
mice of total bone marrow cells from WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL.
Cells were analyzed on day 20 after transplantation (WT n = 5; Plekhm1 KO n = 4; t-test). B) Kaplan-Meier-
style survival curve of WT secondary recipients of total bone marrow from WT (black solid line) or Plekhm1
KO (grey dashed line) donor mice with established B-ALL (WT n = 16; Plekhm1 KO n = 17; Log-rank test).
C) Percentage of GFP* (BCR-ABL1*) BP1* cells in the bone marrow of WT secondary recipients of total
bone marrow from WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL. Cells were analyzed
on day 20 after transplantation (WT n = 4; Plekhm1 KO n = 6; t-test). D) Percentage of GFP* (BCR-ABL1%)
BP-1* early apoptotic (DAPI- AnnV*) cells in the bone marrow of WT secondary recipients of total bone
marrow from WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL. Cells were analyzed on
day 20 after transplantation (WT n = 4; Plekhm1 KO n = 5; t-test). E) Percentage of GFP* (BCR-ABL1*) BP1*
late apoptotic (DAPI* AnnV*) cells in the bone marrow of WT secondary recipients of total bone marrow from
WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL. Cells were analyzed on day 20 after
transplantation (WT n = 4; Plekhm1 KO n = 5; t-test). F) Percentage of GFP* (BCR-ABL1*) BP-1* cells in the
G1, S, and Gz phases of the cell cycle in the bone marrow of WT secondary recipients of total bone marrow
from WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL. Cells were analyzed on day 20
after transplantation (WT n = 5; Plekhm1 KO n = 6; t-test). G) Percentage of GFP* (BCR-ABL1*) BP-1* cells
in the Go phase of the cell cycle in the bone marrow of WT secondary recipients of total bone marrow from

WT (black) or Plekhm1 KO (grey) donor mice with established B-ALL. (WT n = 4; Plekhm1 KO n = 5; t-test).

88



6. Characterization of the Plekhm1 KO BMM

I. PLEKHML1 in osteoclasts is dispensable for the proliferation of B-ALL cells
Given the role of PLEKHM1 in the trafficking of secretory lysosomes in osteoclasts?1®
we initially hypothesized that osteoclasts might play a role in the observed acceleration
of B-ALL progression. Therefore, we differentiated osteoclasts from
monocytes/macrophages isolated from WT or Plekhml KO mice in vitro using
macrophage colony-stimulating factor (MCSF) and receptor activator of nuclear factor
kappa-B ligand (RANKL) for 4-6 days??3. These factors can induce differentiation of
bone marrow hematopoietic precursor cells into bone-resorbing osteoclasts without
the requirement for stromal cells of mesenchymal origin?*¢. Plekhm1 KO osteoclasts
showed no impairment of their differentiation from monocytes in vitro and they had
similar morphology compared to WT osteoclasts (Figure 17A). However, Plekhm1 KO
osteoclasts showed reduced resorptive activity as measured by the reduced surface
area of pits that they formed on bone slices (Figure 17B and 17C). To investigate
whether the differences in activity resulted in different interactions with B-ALL cells we
co-cultured BCR-ABL1* BA/F3 cells, a frequently used in vitro model for B-ALL*%7, on
WT or Plekhm1 KO osteoclasts and measured their proliferation over the course of 4

days. There were no differences in the number of BCR-ABL1* BA/F3 cells cultured on
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top of Plekhml1 KO osteoclasts compared to the WT counterparts throughout the 4

days (Figure 17D).
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Figure 17: A) Microscopic pictures showing WT or Plekhm1 KO osteoclasts. The scale bar depicts 100um.
B) Microscopic pictures showing toluidine-stained pits (white arrows) formed on bone slices by WT or
Plekhm1 KO osteoclasts C) Surface area of resorption pits formed by WT (black) or Plekhm1 KO (grey)
osteoclasts. Data are the results from triplicate plating of 3 independent biological replicates. D) Number of
live BCR-ABL1* BA/F3 cells plated on WT (black solid line) or Plekhm1 KO (grey dashed line) osteoclasts.

The data are representative of 3 independent experiments (two-way ANOVA).

il. Differentiation to osteoblasts and adipocytes and vesicular trafficking are

altered in Plekhm1 KO mesenchymal stromal cells

The above results indicate that osteoclasts are likely not playing a direct role in the
observed aggressiveness of B-ALL in Plekhm1 KO recipient mice. As PLEKHM1 also
is expressed in MSC?%°, which have a known role in B-ALL37:2%° we investigated
whether MSC are involved in the establishment of the observed phenotype. To
address this, we isolated CD45 Ter-119- PDGFR-a* Sca-1* MSC?% from the BM of
healthy WT or Plekhm1 KO mice, which did not differ significantly with regards to their
immunophenotype (Figure 18A). Of note, both WT and Plekhml KO MSC were
positive for previously described MSC markers including CD29, CD90, CD105,
PRFGR-alpha and Sca-1. The cells were free of hematopoietic contamination as
shown by lack of expression of CD45, CD34, and Ter-119. MSC can form colonies
and differentiate to osteoblasts and adipocytes in vitro under the proper conditions.
Therefore, we tested the colony-forming ability and the osteogenic differentiation

potential, as assessed by Von Kossa and Alizarin Red stainings, of Plekhml KO
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compared to WT MSC. Both colony-forming ability (Figure 18B) and osteogenic
differentiation potential (Figure 18C) were higher in the Plekhm1 KO compared to WT
MSC. In contrast, the adipogenic differentiation potential of the Plekhm1 KO MSC, as
assessed by Oil Red O staining, was significantly reduced compared to the WT
counterparts (Figure 18D). PLEKHML1 plays a role in vesicular trafficking and fusion
of late endosomes with lysosomes?!’. Therefore, we hypothesized that the reduced
differentiation potential of Plekhm1 KO MSC into adipocytes could be associated with
an impairment in lipid droplet fusion as an indication of a more general impairment in
vesicular trafficking. Therefore, we investigated whether the number of MVB, a subset
of specialized late endosomes!’®, was different between WT and Plekhm1l KO MSC.
Immunofluorescence staining for CD63, a specific MVB marker?!, showed an
increased number of multivesicular bodies (MVB) in Plekhm1l KO MSC compared to
WT (Figure 18E). Of note immunofluorescence for LC3-positive vesicles
(autophagosomes) or LAMP1-positive vesicles (lysosomes) showed no significant
differences in their number or in their co-localization between WT and Plekhm1l KO
MSC (Figure 18F). This was indicative of similar autophagy basal levels between the
two types of cells. Taken together, these results suggest that Plekhm1 KO MSC have

an increased capacity to form colonies and differentiate into the osteoblastic lineage
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while harboring an increased number of CD63* MVB, thus, affecting non-autophagic

vesicular trafficking in MSC at baseline levels.
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Figure 18: A) Surface marker expression of primary MSC derived from the BM of WT (black line) or
Plekhm1 KO (grey line) mice at passage 4. Unstained cell controls (black thick line) are included for
comparison. B) Representative image of colonies derived from WT or Plekhm1l KO MSC stained with
crystal violet (left). Number of colonies formed by WT (black) and Plekhm1 KO (grey) MSC (right). Data
are the results of 4 independent experiments and the values are normalized to the WT for each
independent experiment (t-test). C) Evaluation of osteogenic differentiation of WT or Plekhm1l KO MSC.
Von Kossa and Alizarin Red staining were used for the detection of the presence of calcium deposits (left).
Scale bar depicts 40pum. Quantification of alizarin red staining intensity using ImageJ software normalized
to the WT (right). Each dot represents a technical replicate from a total of 3 independent experiments (t-
test). D) Evaluation of adipogenic differentiation of WT or Plekhm1 KO MSC. Qil Red O staining was used
for the detection of the presence of intracytoplasmic lipid-rich droplets (adipocytes) (left). Scale bar depicts
40um. Number of adipocytes formed after differentiation of WT (black) or Plekhm1 KO (grey) MSC (right).
Data are results from 3 independent experiments (t-test). E) Representative immunofluorescence images
of WT or Plekhm1 KO MSC stained with an antibody against CD63 (green). The nuclei are counterstained
with DAPI (blue) and the cytoplasm with phalloidin (grey) (top). Scale bar depicts 20um. Quantification of
CD63 fluorescence intensity of WT (black) or Plekhml KO (grey) MSC (bottom). The values are
normalized to the average value of WT. Data are results of 4 independent experiments (t-test). F)
Representative immunofluorescence images of LC3 and LAMP1 staining their colocalization (top).
Comparison of the number of LC3 (left) or LAMP1 (middle) puncta per cell between WT (black) and
Plekhml KO (grey) MSC measured with ImageJ software and quantification tool (bottom) (t-test).
Comparison of the colocalization between LC3 and LAMP1 (right) between WT (black) versus Plekhm1
KO (grey) MSC expressed as the Pearson's correlation coefficient and calculated using ImageJ software
and coloc? tool. Quantification was performed for 3 independent experiments with >15 cells quantified per

condition. Scale bar depicts 20um.
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7. Plekhml1l KO MSC release syntenin- and syndecan-1-enriched small
extracellular vesicles (SEV)

I. PLEKHML1 does not affect the number of SEV released by MSC

MVB are involved in the release of intraluminal vesicles (ILV) to the extracellular space
as exosomes?%’, and exosomes are critical mediators in the communication between
leukemia cells and their environment!!6252, MVB are degraded after fusion with
lysosomes'’® and there are reports on the involvement of autophagy- or vesicular
trafficking-associated proteins for the regulation of EV cargo?®3. Therefore, given the
increased amount of CD63* MVB that were found in Plekhm1 KO MSC we questioned
whether the absence of PLEKHML1 affects the released exosomes. Using differential
centrifugation, small extracellular vesicles (sEV), that are enriched in exosomes¥,
were isolated from the conditioned medium of WT or Plekhm1 KO MSC. We confirmed
the successful isolation of SEV by the expression of the exosomal markers CD81 and
flotillin-1 in the exosomal preparation, as well as by the absence of expression of the
golgi matrix protein 130 kD (GM130) 2% (Figure 19A). Given that the proliferation
status of the donor cell has been shown to influence the release of exosome-like
microvesicles®®® we tested weather there were differences in the cell cycle between
WT and Plekhm1l KO MSC. However, we observed that the cell cycle of WT versus
Plekhm1 KO MSC was similar (Figure 19B). Additionally, there were no differences in
the amount of CD81 protein in sEV derived from Plekhm1l KO MSC compared to the
WT (Figure 19C). Consistently, the number of CD81* EV being detected by imaging
flow cytometric analysis performed at the single EV level 233 and normalized to the
number of MSC, were similar, regardless of whether the EV were derived from WT or
Plekhml KO MSC (Figure 19D). In addition, molecules of equivalent soluble

fluorochrome (MESF), describing the amount of antibody bound to CD81 per sEV,
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were also similar between sV derived from WT versus Plekhml KO MSC (Figure

19E).

Taken together, these results indicate that PLEKHM1 does not

affect the

number of CD81* sEV released by BM-derived MSC.
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Figure 19: A) Representative immunoblot showing expression of GM130, CD81, and flotillin-1 in WT
or Plekhm1 KO MSC or stV derived from WT or Plekhm1 KO MSC. Vinculin was used as a loading
control of MSC and negative marker for SEV. B) Percentage of WT (black) or Plekhm1 KO (grey)
MSC in the GO, G1, or G2 and S phases of the cell cycle. (WT n = 4; Plekhm1 KO n = 4; t-test). The
values are normalized to the WT for each individual experiment (n = 9; t-test). C) Quantification of
CD81 band intensity in sEV isolated from WT (black) or Plekhm1 KO (grey) MSC D) Quantification of
CD81* particles/ml (x108) in the SEV preparations derived from WT (black bar) or Plekhm1 KO (grey
bar) MSC (WT n = 7; Plekhm1 KO n = 8; t-test). E) Quantification of molecules of equivalent soluble
fluorochrome (MESF) of CD81 in sEV isolated from WT (black) or Plekhm1 KO (grey) MSC. The

values are normalized to the WT for each individual experiment (n=8; t-test).

. PLEKHML1 regulates MSC-derived sSEV cargo

Given that the increased CD63* MVB in Plekhm1 KO MSC did not result in differences
in SEV number we investigated whether it affected sEV cargo. Proteomic analysis of
MSC-derived sEV showed increased levels of vacuolar protein sorting (VPS)23
(TSG101) and VPS28 in the sEV preparations from Plekhml KO compared to WT
MSC (Figure 20A). These are proteins that belong to the ESCRT-I complex?°¢ and are
responsible for the formation and sorting of cargo into intraluminal vesicles supporting
the hypothesis that there are differences in the cargo rather than the number of sV
derived from Plekhml KO versus WT MSC. Similarly, syntenin, which is not a part of
the ESCRT-I complex, but is involved in ESCRT-dependent exosomal biogenesis!®,
was also found significantly increased in the Plekhm1 KO sEV preparations (Figure
20A). Immunoblot analysis further confirmed the enriched presence of syntenin in the
Plekhnml1l KO MSC-derived exosomes (Figure 20B). Syntenin directly interacts with
syndecan-1, a heparan sulfate proteoglycan and integral membrane protein present
in both healthy and tumor cells including leukemia cells?’. In line with the enrichment

of syntenin, we observed increased syndecan-1 protein levels in sV from Plekhm1
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KO MSC (Figure 20B).

Immunoblot analysis of MSC, i.e. the donor cells of SEV,

similarly, revealed enrichment of syntenin and syndecan-1 in Plekhm1 KO compared

to WT MSC (Figure 20C). Increased levels of syndecan-1 were also confirmed in

Plekhml KO MSC by immunofluorescence (Figure 20D). Our data suggest that

deficiency of PLEKHM1 leads to increased levels of syntenin and syndecan-1 in MSC

and MSC-derived sEV while leaving the number of released sEV unaffected. These

findings are consistent with reports that support the notion that overexpression of the

cytoplasmic adaptor molecule syntenin and syndecan-1 in donor cells may enhance

their exosomal expression*,
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Figure 20: A) Volcano plot showing protein expression in SEV preparations isolated from WT versus
Plekhm1l KO MSC. Samples were normalized for protein content prior to mass spectrometry. The x-axis
indicates the difference in protein abundance between sgV derived from Plekhm1 KO and WT MSC, while
the y-axis indicates the — log p value (Student’s t-test). Proteins in dark red are expressed significantly higher
and in dark green significantly lower in exosomes from Plekhm1l KO MSC (WT n = 4; Plekhm1 KO n=4). B)
Representative immunoblot showing expression of syntenin and syndecan-1 in WT or Plekhm1 KO MSC or
SEV derived from WT or Plekhm1 KO MSC (left). Quantification of syndecan-1 band intensity in SEV isolated
from WT (black) or Plekhm1 KO (grey) MSC (right). The values are normalized to the WT for each individual
experiment (WT n = 7; Plekhml1l KO n = 7; t-test). C) Representative immunoblot showing expression of
syntenin and syndecan-1 in WT or Plekhm1 KO MSC (left). Quantification of syntenin and syndecan-1 band
intensity in WT versus Plekhml KO MSC (right). The values are normalized to WT for each individual
experiment and are results of 5 (syntenin) or 4 (syndecan-1) biological replicates (t-test). D) Representative
immunofluorescence images of syndecan-1 staining on WT or Plekhml KO MSC. The nuclei are
counterstained with DAPI (blue) (left). The scale bar depicts 20um. Quantification of syndecan-1
fluorescence intensity of WT (black) or Plekhm1 KO (grey) MSC normalized to WT. The data are the result

of 4 biological replicates (right) (t-test).
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8. Plekhml KO MSC-derived sEV alter B-ALL cells

I. Plekhm1l KO MSC-derived sEV increase syntenin, syndecan-1, pAKT and
pFAK in BCR-ABL1" BA/F3 cells

Next, we tested whether the differences in the cargo of sV released by Plekhm1 KO
or WT MSC differentially affect B-ALL cells. BCR-ABL1* BA/F3 cells were treated with
WT or Plekhm1 KO MSC-derived sEV in a ratio of 1:5 donor (MSC) to recipient (BCR-
ABL1* BA/F3) cells. Treatment of BCR-ABL1* BA/F3 for 40 min with Plekhm1 KO seV
led to a significant increase in the intracellular levels of syntenin and syndecan-1
compared to BCR-ABL1* BA/F3 cells treated with WT sEV (Figure 21A). Additionally,
exposure of BCR-ABL1* BA/F3 cells to Plekhm1 KO sEV for 6h significantly increased
phosphorylation of AKT on the Ser473 residue compared to WT sEV (Figure 21B).
AKT phosphorylation on Ser473 is required for maximal AKT activation which controls
cell cycle, cell proliferation, and cell survival®®2%8, To prove that the increase in pAKT
is due to uptake of seV by the BCR-ABL1* BA/F3 cells rather than an extracellular
effect of SEV, e.g. via interaction of proteins of sEV and cellular plasma membrane
proteins, we treated BCR-ABL1* BA/F3 cells with dynasore and exposed them to
Plekhm1l KO or WT MSC-derived sEV. Dynasore is a GTPase inhibitor that inhibits
dynamin activity, which prevents clathrin-mediated endocytosis?>°. Exosomes have
been reported to be taken up by dynamin-mediated endocytosis?®%, and dynasore has
been used to block dynamin-mediated exosome endocytosis?®l. Treatment with
dynasore reversed the increase in the levels of pAKT after exposure of BCR-ABL1*
BA/F3 cells to Plekhm1l KO sEV. This supported the hypothesis that an increase of
PAKT levels in BCR-ABL1* BA/F3 cells was due to uptake of Plekhm1 KO sEV (Figure
21B). Additionally, we observed a small trend towards increased levels of pAKT in B-

ALL cells derived from Plekhml KO mice with B-ALL on day 20 after transplantation
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compared to WT counterparts (Figure 21C). This supported the hypothesis that SEV
derived from Plekhml KO BMM might increase B-ALL cell aggressiveness via
increase of pAKT. However, at 6h we did not observe differences in syntenin and
syndecan-1 levels between cells exposed to WT and Plekhml KO exosomes any
more (Figure 21D). Syndecan-1 has been proposed to form complexes with growth
factor receptors and/or integrins, and this results in integrin stabilization with
subsequent enhancement of the downstream signaling pathway?62263, In agreement
with this, we observed a significant increase in the phosphorylation of focal adhesion
kinase (FAK) on residue Tyr397. FAK is known to serve as a mediator of activated
integrin signal transduction?® (Figure 21E). Taken together, these data suggest that
Plekhm1l KO MSC-derived exosomes increase the levels of syntenin and syndecan-1
in B-ALL cells, while, activating proliferative signaling pathways which involve AKT and

FAK activation.
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Figure 21: A) Representative immunoblot showing the expression of syntenin and syndecan-1 in BCR-
ABL1* BA/F3 cells after exposure to WT and Plekhm1 KO sEV (left) for 40 min. Quantification of syntenin
(middle) and syndecan-1 (right) protein expression normalized over the housekeeping protein. The data
are the results of 6 (syntenin) or 7 (syndecan-1) independent experiments (t-test). B) Representative
immunoblot showing the expression of pAKT (Ser473) and AKT in BCR-ABL1* BA/F3 cells after treatment
with WT sV or Plekhml KO sEV with or without dynasore for 6h (left) and quantification of pAKT
expression in the different conditions. The data are the results of 3 independent experiments (right) (one-
way ANOVA). C) Immunoblot showing pAKT (Ser473) and AKT expression in BM of WT or Plekhm1 KO
recipient mice transplanted with BCR-ABL1- transduced BM cells on day 20 after transplantation. Each
lane represents a different mouse (left). Quantification of the pAKT (Ser473) band intensity in BM cells of
WT or Plekhm1 KO recipient mice transplanted with BCR-ABL1-transduced BM cells (WT n = 4; Plekhm1
KO n = 5; t-test) (right). D) Quantification of syntenin and syndecan-1 protein expression in BCR-ABL1*
BA/F3 cells treated with WT (black) or Plekhm1 KO sEV (grey) for 6h (one-way ANOVA). The data are
the results of 3 independent experiments. E) Representative immunoblot showing the expression of pFAK
(Tyr 397) and FAK in BCR-ABL1* BA/F3 cells after exposure for 6h to WT or Plekhml KO sEV (left).
Quantification of pFAK (Tyr397) band intensity in BCR-ABL1* BA/F3 cells treated with WT (black) or

Plekhm1 KO sEV for 6h. The data are the results of 5 independent experiments (t-test) (right).
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il. Plekhm1l KO MSC-derived sEV may increase B-ALL aggressiveness

To test whether sV from Plekhm1 KO MSC might lead to an acceleration of B-ALL in
vivo, we treated BCR-ABL1-transduced WT BM with WT or Plekhm1 KO sEV in a ratio
of 1:5 donor (MSC) to recipient (WT BM) cells and transplanted them into WT recipient
mice. There were no differences in the GFP* (BCR-ABL1*) cells in the PB of the mice
on days 17 and 24 after transplantation between the two groups (Figure 22A)
However, a strong trend towards a more aggressive disease in mice that received
BCR-ABL1" BM cells previously exposed to Plekhm1l KO sEV was observed (Figure
22B). Furthermore, BALL-initiating cells previously exposed to Plekhm1 KO sEV led
to increased levels of pAKT at Serd473 in GFP* (BCR-ABL1*) BP-1* cells from the

recipient mice (Figure 22C).
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Figure 22: A) Percentage of GFP* (BCR-ABL1*) BP-1* cells in the PB of mice transplanted with BCR-
ABL1-transduced BM previously treated with WT or Plekhm1 KO sV for 1h on days 17 and 24 after
transplantation (+ WT sV n = 6; + Plekhm1 KO sEV n = 6; t-test). B) Kaplan-Meier-style survival curve
of mice transplanted with BCR-ABL1-transduced BM previously treated with WT (black solid line) or
Plekhm1 KO (grey-dashed line) sV for 1h (+ WT SEV n = 6; + Plekhm1 KO sSEV n = 6; Log-rank test).
C) Immunoblot showing pAKT (Ser473) and AKT expression in sorted primary GFP* (BCR-ABL1*) BP-
1* cells from the BM of WT recipient mice transplanted with BCR-ABL1- transduced BM cells previously
exposed to WT or Plekhm1 KO sEV. Each lane represents a different mouse (left). Quantification of
the pAKT (Ser473) band intensity in sorted GFP* (BCR-ABL1*) BP-1* cells from the BM of WT recipient
mice transplanted with BCR-ABL1-transduced BM previously exposed to WT or Plekhm1 KO sEV for

1h (+ WT sEV n = 3; + Plekhm1 KO sEV n = 3; t-test) (right).
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9. Leukemia cells or TNFa reduce PLEKHM1 levels in BM MSC

Our group has previously shown that B-ALL cells release tumor necrosis factor (TNF)
a that in turn modulates MSC function®®’. In order to test whether treatment with TNFa
recapitulates the increase of syntenin and syndecan-1 we observed in Plekhml KO
MSC we treated WT MSC with either TNFa or co-cultured them with BCR-ABL1*
BA/F3 cells. In the co-culture model, the two cell populations were separated by a
membrane with 0.4um pore, in a transwell system, that would not allow direct cell-cell
interaction (Figure 23A). Interestingly, both TNFa- and BCR-ABL1* BA/F3-treated
MSC showed decreased expression of PLEKHM1 with concomitant upregulation of
both syntenin and syndecan-1 (Figure 23B and Figure 23C). Taken together these
results suggest that BCR-ABL1* BA/F3, possibly via TNFa, reprogramme BMM MSC
leading to reduced expression of PLEKHM1 and increased levels of syntenin and

syndecan-1. These MSC possibly promote B-ALL aggressiveness via exosome

release.
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Figure 23: A) Schematic representation of the transwell system used for the experiment in figure
22B. The pore of the transwell is 0.4um. B) Representative immunoblot showing expression of
PLEKHML1, syntenin, and syndecan-1in WT MSC treated with TNFa for 24h or BCR-ABL1* BA/F3
cells for 6h or 24h. C) Quantification of PLEKHM1, syntenin, and syndecan-1 in untreated WT
MSC, treated with TNFa or treated with BCR-ABL1* BA/F3 cells for 24h. The values are
normalized to the WT and represent the results of 4 independent experiments (one-way ANOVA

for each protein).

113



Discussion

In this study we propose a circuit in which B-ALL cells, possibly via the release
of TNFaq, induce the development of a tumor-promoting BMM via the reduction of the
autophagy adaptor protein PLEKHM1. PLEKHM1 absence leads to the release of SEV
by BM MSC which carry qualitatively abnormal cargo. Specifically, the absence of
PLEKHM1 in BM MSC leads to increased levels of syntenin and syndecan-1, proteins
involved in exosome biogenesis!® and correlated with cancer aggressiveness?®7:26°,
in both MSC and MSC-derived sEV. Uptake of these sEV by the B-ALL cells leads to

an increase in their proliferation via activation of pAKT and pFAK pathways (figure 24).

The BMM, possibly via education by leukemia cells, has been proposed to
specifically support different leukemias. For example, it has been shown that
manipulation of the BMM by parathyroid hormone (PTH) differentially affects two types
of leukemia of the myeloid lineage, CML and AML??, In our study, we observed
opposite outcomes of two leukemias of different lineage B-ALL (lymphoid lineage) and
CML (myeloid lineage) in mice when PLEKHML1 is absent from the BMM. In our models
these two diseases are characterized by the presence of the same oncogene, BCR-
ABL1, but the LIC belong to different cell lineages. In B-ALL the malignant cells are
BCR-ABL1* pre-B cells!®’, while in the case of CML-like MPN the involved cells are
BCR-ABL1* myeloid cells?%6. Qur observations suggest that absence of PLEKHM1
from the BMM might affect B-cell maturation since B-cells from a Plekhm1 KO BMM
have decreased levels of specific maturation markers like CD19 and B220, while they
also show downregulation of Pax5 a transcription factor which regulates B-cell
differentiation!’. While a block in BCR-ABL1* pre-B cells maturation might contribute
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to the more aggressive phenotype we observed in B-ALL Plekhm1l KO mice, in CML
further studies need to be conducted to explain the prolonged survival in the Plekhm1
KO mice. For example, it might worth conducting a more in-depth analysis of the
common myeloid progenitors as well as their proliferation status in a WT versus
Plekhm1l KO BMM in both normal and CML mice. It is possible that the absence of
PLEKHM1 in the BMM affects leukemia cells of different lineages differently.
Additionally, B-ALL and CML cells might release different cytokines or growth factors
that promote the loading of different proteins in the SEV that are released by the BM
MSC. In turn, these sEV might either prolong, in the case of CML, or accelerate, in the
case of B-ALL, the disease. To address these questions further studies, like coculture

assays with MSC and CML or B-ALL cells, need to be conducted.

The effect of the BMM on the stemness and cell cycle status of leukemia cells
has been studied. Specifically, CD44 mediates the interaction of CML cells with the
BMM?2%6, CD44 also mediates the interaction of AML cells with their niche leading to
maintenance of the leukemic stem cell properties and, as a consequence, their ability
to cause leukemia in serially transplanted mice?%’. The increased viability, the
immature phenotype, indicated by decreased Pax5 mRNA levels, and the significantly
increased leukemia initiating potential of B-ALL cells exposed to a Plekhm1 KO BMM
advocate that these cells acquire “stem-like” features. However, in B-ALL, less is
known about the population that acts as LIC and give rise to the disease. Further study
is needed to explain how absence of PLEKHM1 from the BMM affect B-ALL cells stem-
like phenotype. Given that the hematological profile did not reveal any differences in
the LKS and LKS SLAM cells between WT and Plekhml1l KO mice it might worth
studying more in depth the differentiation of normal B-cells in healthy WT versus

Plekhm1 KO mice.
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Deletion of Pax5 causes a pre-B-cell differentiation block. This prevents
immunoglobulin heavy chain (Igh) gene rearrangements leading to clonal expansion
of B-cells?%8, Suppression of Pax5 levels with concomitant activation of signal
transducer and activator of transcription (STAT5) in a mouse model led to B-ALL
induction and maintenance?®®. B-ALL cells show increased self-renewal capacity and
impaired differentiation, while the restoration of Pax5 levels in B-ALL cells released
the differentiation blockade, promoted Igk recombination, increased the levels of the
Pax5 target gene CD19, disabled leukemia-initiating capacity and led to tumor
regression?%®, Furthermore, it has been proposed that loss of Pax5 transcriptional
activation promotes leukemogenesis and alterations of Pax5 levels in B-ALL patients
are often accompanied by secondary genetic mutations in genes that code for proteins
and pathways affecting B-cell development. More specifically, these involve mutations
in the gene that codes for the tumor suppressor Ras, in genes that code for cytokine
receptors as well as mutations in pathways that control cell growth like the Janus
kinase-signal transducer and activator of transcription signaling (JAK/STAT)
pathway?7%271 It is possible that PLEKHM1 in the BMM impairs the survival of B-ALL
cells probably by promoting a differentiated phenotype. This therefore may decrease
the proliferation or survival of B-ALL cells and the leukemogenic potential of B-ALL
LIC. Overall, our in vivo phenotype suggests a contribution of the Plekhm1 KO niche
for the regulation of B-ALL progression with respect to increased proliferation and
aggressiveness of B-ALL cells, as well as, potentially the survival and protection of

LIC.

PLEKHML1 loss inhibits autophagy flux in mouse embryonic fibroblasts (MEFs)
and Hela cells, suggesting it has a role as an autophagy adaptor protein®?. In

contrast, studies on the autophagy of osteoclasts and lung cells show that PLEKHM1
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has modest or no impact on this process, supporting the concept that its autophagy-
related role might be context-dependent?®272, A common feature of PLEKHM1, as
demonstrated by several studies, is its role in vesicular trafficking and the fusion of
intracellular vesicles?'>217:272_ In agreement with these observations, we showed that
loss of PLEKHM1 from the BMM did not affect autophagy of BM MSC. However,
PLEKHM1 deficiency leads to accumulation of MVB, a type of late endosomes,

possibly due to impairment of their fusion with lysosomes.

The role of autophagy in cancer is context dependent!’®, Inhibition of autophagy
induces tumor initiation in the pancreas or liver, but, impairs cancer invasiveness?3274,
while, in CML it potentiates the efficacy of tyrosine kinase inhibitors (TKI)27®. In the
CML context autophagy inhibitors, like hydroxychloroquine, have been used in
combination with targeted therapies in clinical trials'8. Fewer studies have focused on
autophagy in the cancer microenvironment where it can metabolically support tumor
growth171.172.175.276 _Qur data suggest that manipulation of autophagy related proteins,
like PLEKHM1, in the BMM can significantly increase B-ALL aggressiveness and
leukemia-initiating capacity by alteration of EV protein cargo via affecting lysosomal
degradation of MVB. Degradation of MVB after fusion with lysosomes or via autophagy
leads to the removal of proteins including proteins related with exosomal biogenesis
like TSG1012%. In line with this, accumulation of MVB due to deficiency of PLEKHM1
leads to increased syntenin and syndecan-1 in the released SEV. As there are other
proteins known to control MVB degradation, like the small GTPase Rab7'78, it is
possible that MVB in Plekhm1 KO MSC are still degraded to a significant extent. This
may explain the similar number of SEV that are still released from these cells compared
to WT. Given the above, targeting autophagy either intrinsically or in the BMM, as it

was recently proposed?’’, should be further studied to exclude the promotion of cancer
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cell aggressiveness and an increased risk of disease recurrence. For example, it might
worth investigating how the usage of autophagy inhibitors in combination with
chemotherapy affect SEV cargo of the BMM throughout the course of the disease.
Specifically, it might worth assessing weather continuous autophagy inhibition leads
to a BMM with impaired sEV cargo and subsequent increase of the number or function
of leukemia initiating cells as we showed in this current study. In that case it might be
important to consider the termination of the usage of the autophagy inhibitors at an

earlier stage.

Exosomes which are a type of EV represent one of the means of
communication between cancer cells and their microenvironment?’8, MSC have been
introduced as a strategy to treat acute graft versus host disease?’®, and exosomes
have been suggested as one of their therapeutically active components?®. In the
context of cancer, including leukemia, studies have mainly focused on cancer cell-
derived exosomes that can re-program the microenvironment*'6252 |n solid tumors
cancer-cell derived exosomes travel through distant sites, including the bone, and
transform the BM into a pre-metastatic niche?®. In breast cancer CAF release EV that
affect the migration and invasion of the malignant cells?®, while, BM-MSC support
gastric cancer growth by enhancing angiogenesis?%. Lastly, in the head and neck
squamous cell carcinoma (HNSCC) microenvironment tumor-associated endothelial
cells were found to release EV carrying specific protein and RNA cargo that promotes
immune suppression. This in turn enhances HNSCC cell proliferation, invasion and

adhesion?82,

In non-solid malignancies the role of EV from BM MSC has been studied to a
lesser extent. BM MSC from multiple myeloma (MM) patients transfer miR-15a-
carrying exosomes to the MM cells promoting tumor growth, while exosomes released
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by MSC from healthy individuals have the opposite result?°2. Similarly, we showed that
exosomes released by Plekhml KO MSC might increase the aggressiveness of B-

ALL compared to exosomes derived from WT MSC.

In line with other observations showing involvement of autophagy proteins (or
proteins involved in vesicular trafficking) for the regulation of EV cargo?>® we found
that expression of PLEKHM1 affects the loading of syntenin and syndecan-1 into SEV.
A recent study has identified syndecan-1 as an important promoter of CML cell
proliferation, migration and travel to distant sites, and this study has linked syndecan-
1 loss with impaired integrin B7 activity?®’. Our observations suggest that this might
also be the result of the transfer of syndecan-1, possibly in combination with syntenin,
by BMM-derived sEV. Syntenin and syndecan-1 have been involved in exosome
biogenesis'®. Syntenin is found to be elevated in many cancers, and it is known to
promote tumor metastasis?6°283.284. The PDZ domain is a common structural domain
of 80-90 amino-acids found in signaling proteins which play a key role in anchoring
receptor proteins in the membrane to cytoskeletal components. PDZ is an initialism
combining the first letters of the first three proteins discovered to share the domain —
post synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlgl),
and zonula occludens-1 protein (zo-1). Furthermore, the PDZ domain is important in
an important role in metastasis?®°2%> and is the domain by this domain syntenin
interacts with syndecans?®. Given that novel inhibitors which interfere with these
interactions and specifically affect syntenin-exosome release are under
investigation?8é, these may also be worth testing in our study. As Plekhm1 KO MSC
release increased levels of syntenin-sEV, inhibiting syntenin-exosome release with
these compounds in BM-MSC may result in the reversal of the effect of PLEKHM1

absence and reduce B-ALL aggressiveness.
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Syndecan-1 and syntenin have been suggested to stabilize growth factor
receptors and/or integrins on the cell surface?62287.288  Qur results indicate that there
might be an increased activation of downstream signaling of integrin®® or growth factor
receptors, as was suggested by an increase in pAKT and pFAK. However, further
studies are needed to identify the specific integrins or growth factor receptors
implicated in this process. Finally, the identification of the upstream molecular

pathways mediating the phosphorylation of AKT and FAK remains a necessity.

Studies from our group and others have implicated inflammatory cytokines and
specifically TNFa in the remodeling of the BMM which, in turn, promotes tumor
growth®3’. Interestingly, healthy B cells were identified as a source of TNFa?®°, Our
results show that B-ALL cells reduce the expression of PLEKHM1 and increase
syntenin and syndecan-1 levels in WT BMM, possibly via the release of TNFa.
Previous studies have shown that TNFa can promote EV release, as well as, modify

their cargo?°%:2°1, One possible mechanism could be via the regulation of PLEKHML.

Given the above, inhibition of TNFa signaling may affect the EV-phenotype of
BMM-associated MSC, possibly leading to an improved outcome in B-ALL
progression. Treatment of patients with antibodies against TNFa or inhibitors has been
employed for diseases like rheumatoid arthritis. However, their negative impact on the
activation of the immune system have precluded their use in leukemia patients.
Therefore, targeting the loading of exosomal cargo in MSC could be a less toxic
alternative to TNFa treatment for the treatment of B-ALL. Finally, as an increase of
TNFa is also tumor-promoting in other cancers?®? our findings could potentially be
applicable to other non-leukemic cancer types as well. This needs to be studied in the

future.
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The role of PLEKHML1 in the BMM is not well defined, and our study proposes
a novel role of this protein in the B-ALL BMM. So far, the role of PLEKHML1 has only
been demonstrated for the fusion of autophagosomes or late endosomes and
lysosomes, as well as for the trafficking of different vesicles. We identified its
involvement in the loading of SEV with syntenin and syndecan-1 in BMM MSC. This is
of interest since these two proteins are involved in exosome biogenesis and at the
same time in adhesion, migration and invasion in different cancer types. The
mechanisms by which protein cargo is loaded onto the ILV of the MVB is not fully
elucidated, and a further analysis of the role of PLEKHM1 for the loading of protein
cargo might shed some light onto this. A possible transfer of these proteins from sV
of the BMM to the cancer cells, in our case B-ALL, could serve as an alternative
pathway promoting the malignant phenotype of cancer cells. PLEKHM1, thus, could
be an important protein for quality control of the cells of the BMM in the context of B-
ALL. Importantly, in the absence of PLEKHM1 from the BMM, partly due to the transfer
of specific protein cargo via SEV, B-ALL cells acquire a more immature phenotype with
increased viability in a secondary transplantation setting. It would be of great interest
to identify whether exposure of B-ALL cells to a Plekhm1 KO BMM enhances B-ALL
cell resistance to chemotherapy in order to identify ways to target these pathways.
Finally, further investigation of the levels of PLEKHM1 in the BMM MSC of patients
compared to healthy individuals, as well as patients with different stages of B-ALL,

might also be worth addressing for its possible prognostic value.
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Figure 24: Proposed model of B-ALL progression in a Plekhm1 KO BMM. B-ALL cells release TNFa
which acts on BMM MSC reducing PLEKHM1 levels. Reduction of PLEKHM1 leads to impaired
protein loading on ILV which are released as exosomes. sV with impaired cargo carrying increased
syntenin and syndecan-1 levels increase B-ALL aggressiveness by activating signaling pathways

related to cell proliferation and survival.
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