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1. Introduction

1.1 Hematopoiesis and stem cell hierarchy

A highly regenerative organ, blood produces approximately 10'2 cells each day
(Pinho & Frenette, 2019). These cells include various specialized lineages such
as granulocytes, monocytes, dendritic cells, T- and B-lymphocytes, natural killer
cells, erythrocytes, and platelets. They are essential for vital functions like oxygen
transport, innate and adaptive immunity, and wound healing. Most of them are
short-lived cell types and originate from the rare population of (long-term)
hematopoietic stem cells (LT-HSCs) in the bone marrow (BM). The LT-HSCs in
turn have two fundamental characteristics: the competence to unlimited self-

renewal and to replenish all blood cell types throughout life (Osawa et al., 1996).

In mice, the LT-HSCs are characterized by the ability to engraft and repopulate in
at least two rounds of transplantation assays (Laurenti & Gottgens, 2018). The
lineage and maturity of HSC can be defined by their distinct cell surface markers.
Early murine HSC are identified by expression of the stem cell antigen-1 (Sca-1,
Ly6A/E) and the c-Kit- receptor (c-Kit, CD117) in absence of the cell surface
markers normally expressed on mature, lineage-committed hematopoietic stem
cells such as CD4, CD8, B220, Ter119, CD11b, Gr-1 (Osawa et al., 1996),
therefore called Lin"Sca*Kit* (LSK) cells. LT-HSCs additionally lack expression of
the surface antigen CD34, FLT3 and the differentiation marker CD48, but express
the CD150 surface lymphocyte activation marker (SLAM) phenotype (Kiel et al.,
2005) and the protein C receptor EPCR/PROCR (Balazs et al., 2006). About 15%
of the LT-HSCs are dormant, they reside in the GO phase of the cell cycle, and do
not support steady-state hematopoiesis (Kiel et al., 2007; Wilson et al., 2007).

There are multiple other subpopulations of HSCs, including intermediate-term
HSCs and short-term HSCs (ST-HSCs), that differ by the duration and robustness
of their multilineage reconstitution abilities and express both CD34 and FLT3
(Benveniste et al., 2010). Multipotent progenitors (MPPs) are characterized by the
acquisition of CD48 (Wilson et al., 2007) and the loss of CD150 (Oguro et al.,



2013). They are the last in the stem cell hierarchy to give multilineage repopulation

and exhaust within few weeks in transplantation experiments (Kent et al., 2016).

The MPP generate precursors that commit to unilineage differentiation, the

lymphoid multipotent progenitors (LMPP) that produce lymphoid cells and the

common myeloid progenitors (CMP). The latter differentiate into granulocyte-

monocyte precursors and megakaryocyte-erythrocyte-precursors. Hence, MPP

sustain steady-state hematopoiesis.

Figure 1 provides an overview of the hierarchical system of the classical

hematopoiesis in mice according to identified cell surface markers. However, new

evidence of non-hierarchically coexisting HSCs with alternative differentiation

pathways challenges the established hierarchical model (Carrelha et al.,

Zhang et al., 2018).
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Figure 1 Cell surface markers during hematopoiesis. Modified from Doulatov et al. (Doulatov et al., 2012)



1.2 The bone marrow niche: The microenvironment of adult hematopoietic
stem cells

Our understanding of the stem cell hierarchy and the identification of HSC subsets
by distinct cell surface markers is in contrast with their substantial functional
heterogeneity despite minimal immunophenotypic differences (Rodriguez-
Fraticelli & Camargo, 2021).

Single cell transplantation experiments show that HSCs repopulate different
lineages in varying proportions. Each HSC has unique lineage production patterns
(Dykstra et al., 2007). These so-called lineage biases have been confirmed
through in situ barcoding methods (Rodriguez-Fraticelli et al., 2018). The biases
occur not only under hematopoietic stress during transplantation but also in
(natural) steady-state hematopoiesis. Biased HSC respond differently to cytokines
like TGF-B and IL-7, which might explain their specific lineage outputs (Challen et
al., 2010), suggesting that this heterogeneity is significantly influenced by the HSC

microenvironment, the hematopoietic niche.

The niche consists of many different cell types that are critical regulators of HSCs
through extrinsic signals like adhesion molecules, cytokines or growth factors
(Schreck et al., 2014). The main function of the hematopoietic niche is to ensure
the survival and self-renewal of the HSC pool, therefore keeping HSCs in a
dormant state. In the adult mammal, hematopoiesis primarily occurs in the bone
marrow (BM), where HSCs are mainly found within the perivascular niche, with
only a few of them residing near the endosteum. The perivascular niche consists
of a vascular network of arterioles and sinusoids—Ilow-pressure capillaries with a
fenestrated endothelium. Residing here, HSCs are surrounded by various cell
types that regulate them via direct cell-cell-contact or through secretion of
cytokines (Deng et al., 2024; Wei & Frenette, 2018). The proximity to the blood
vessel endothelium facilitates rapid entry of the HSCs into circulation during

hematological stress.

The perivascular niche includes leptin receptor-positive (LEP-R+) stromal cells,
CXCL12-abundant reticular (CAR) mesenchymal stem cells (MSC), and Nestin+



multipotent stromal cells (Greenbaum et al., 2013; Mendez-Ferrer et al., 2010).
These cell types secrete CXCL12 and stem cell factor, both critical niche factors
essential for HSC homing and maintenance, making them primary regulators of
hematopoiesis (Ding et al., 2012; Omatsu et al., 2010; Sugiyama et al., 2006).
Osteolineage cells, such as osteoblasts and osteoclasts are involved in the
regulation of HSCs but primarily maintain common Iymphoid progenitors.
Adipocytes are believed to inhibit the niche, while adrenergic nerves can also
guide HSC mobilization. Additionally, the progeny of HSCs, particularly
megakaryocytes and regulatory T-cells, can modulate HSCs dormancy via

negative feedback mechanisms.

The endosteal region of the trabecular bone area harbors only few HSCs. These
are thought to be the quiescent LT-HSCs, that attach to N-cadherin-positive
osteoblasts (Wilson et al., 2007; Xie et al., 2009).

Besides the critical niche factors CXCL12 and SCF, there are multiple other
secreted molecules that impact HSC behavior relevantly. Components of WNT
(Wingless integrase-1) signaling, like Secreted frizzled-related protein 1 (SFRP1)
and Dickkopf-related protein 1 (DKK1) regulate HSC fate (Frobel et al., 2021).



1.3 WNT Signaling

Wingless Integrase-1 (WNT) signaling is an evolutionarily well-conserved growth
control pathway that is constitutively active across species where cells proliferate
(Niehrs & Acebron, 2012). This complex system initiates multiple transduction
steps, guiding cells for directional growth and proper tissue shaping (Schneider et
al., 2015). In mammals, 19 WNT genes (Nusse & Clevers, 2017) encode lipid-
modified glycoproteins that are involved in different downstream pathways. WNT

signaling operates through two main pathways: canonical and non-canonical.

1.3.1 The canonical WNT pathway

The canonical WNT pathway begins with the binding of WNT ligands (mainly
WNT2, WNT3, WNT3a, and WNT8a) to a receptor complex of Frizzled (FZD) and
low-density lipoprotein-related protein (LRP) LRP5/6. This inhibits glycogen
synthase kinase-3 (GSK3), which is part of a constitutively active destruction
complex that marks B-catenin for ubiquitination and degradation. Hence, -
catenin accumulates. It is transferred to the nucleus and serves as co-factor to
the transcription factor T-cell factor/Lymphoid enhancer factor (TCF/LEF), thereby
inducing the transcription of WNT target genes like c-myc, Axin2 (Acebron &
Niehrs, 2016), Osteopontin, and suppressor of cytokine signaling (Socs2) (He et
al., 1998).

1.3.2 The non-canonical WNT pathway

The non-canonical pathway involves at least two signaling cascades.

The planar cell polarity (PCP) pathway, initiated by WNT5a and WNT11, activates
Jun-N-terminal Kinase (JNK) and RHO-associated coiled-coil-containing protein
kinase 1 (ROCK) through the small GTPases RHOA and RAC1. It regulates actin
cytoskeleton remodeling, altering cell adhesion, migration, and shape.
Furthermore, the PCP pathway is also suggested to inhibit canonical WNT

signaling.



The second cascade, calcium-dependent WNT-signaling is primarily mediated by
the WNT5A and FZD2 complex (Staal et al., 2008) and activates phospholipase
C through a G-protein. Phospholipase C cleaves phosphatidylinositol-4,5-
bisphosphate into inositol triphosphate (IP3) and diacylglycerol (DAG), releasing
intracellular calcium stores. Thereby, it activates calcineurin, CAMII kinase, and
protein kinase C, ultimately leading to the transcription of nuclear factor of
activated T-cells (NFAT). NFAT activation triggers skeletal rearrangement

processes (Sarabia-Sanchez & Robles-Flores, 2024).
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Figure 2 Overview of WNT-Signaling pathways. Modified from Malhotra et al. (Malhotra & Kincade, 2009)

1.3.3 Implications of WNT-signaling in hematopoiesis

The role of canonical WNT in adult hematopoiesis is not yet completely
understood. There is evidence, that canonical WNT signaling induces self-
renewal in LT-HSCs (Liu et al., 2019) and maintains the stem cell pool through
WNT3a and [3-Catenin (Baba et al., 2005; Fleming et al., 2008). However, -



Catenin was shown to be dispensable for hematopoiesis. Moreover, long-term
stabilized 3-Catenin lead to a decline of HSC numbers and induced a multilineage
differentiation block (Kirstetter et al., 2006). Observations based on these differing
findings imply that the physiologic effect of the canonical WNT pathway on HSCs
depends not only on the cellular context but also on the extent of WNT activation
as well as the presence of other variables that control canonical WNT signaling to
maintain HSCs (Yu et al., 2024).

However, authors have shown the necessity of R-Catenin to shape the
hematopoietic niche (Nemeth et al., 2009), predominantly osteoblasts. Others
have demonstrated that WNT inhibition in the hematopoietic niche led to activation
of the canonical WNT pathway through autocrine WNT production and loss of
quiescent HSCs (Schaniel et al., 2011).

Non-canonical WNT ligands, like WNT5a are expressed by HSCs, MPPs, BM
stromal cells and B-lymphocytes (Liang et al., 2003). WNTS5A has been shown to
inhibit WNT signaling and to retain LT-HSCs in the GO phase. A WNT5A
haploinsufficient niche failed to regenerate blood in serial transplantation
experiments: LSKs showed an apolar distribution of F-Actin with consequent
reduction in their ability to adhere, migrate and, ultimately, home to their BM niche
(Schreck et al., 2017). Furthermore, for WNT5A-treatment of LT-HSCs, but not
for WNT3A, a positive long-term regulation was found (Nemeth et al., 2007).

The endosteal niche is the region, where LT-HSCs that are kept in dormancy
reside. Here, they are attached to N-cad+ Osteoblasts, that, predominantly
express non-canoncial WNT ligands. Thus, non-canonical WNT has a relevant

role in the maintenance of LT-HSC (Sugimura et al., 2012).

1.4. The HSC supporting cell line UG261B6

One of the fundamental questions in hematologic research concerns the
molecular mechanisms and conditions that control the maintenance of HSCs in
the bone marrow. In previous works, Oostendorp et al. subdissected the

embryonic Aorto-Gonads-Mesonephron region and established a hundred



stromal cell lines. They identified the embryonic urogenital ridge as the source of
stromal cells that support hematopoietic stem cell activity most effectively
(Oostendorp et al., 2002) . The UG261B6 stromal cell line, the first to maintain LT-
HSCs in culture conditions for more than four weeks, was generated. When
comparing the gene expression profiles of UG261B6 cells with non-supporting cell
lines, Oostendorp et al found, that one-third of the genes expressed at higher
levels in UG261B6 cells encoded secretory proteins (Oostendorp et al., 2005).
The most upregulated genes included Pleiotropin (PTEN), Cathepsin K (CTSK),
WNT5a and Secreted frizzled-related protein 1 (SFRP1) (Renstrom et al., 2009).
Direct cell-cell-contact with the UG261B6 cell line was not necessary to maintain
LT-HSCs, emphasizing the importance of secretory factors in the hematopoietic
niche. Wohrer et al. transplanted LT-HSC, that were previously kept in single-cell-
culture on conditioned medium from UG261B6 cells and demonstrated, that,
compared to several cytokine cocktails, the generation of progeny with durable
self-renewal was best in cells incubated with UG261B6-conditioned medium
(Wohrer et al., 2014). Also, the single cell assay proved a valuable tool to identify
the biological mechanisms, by which different cytokines regulate in vitro
expansion of stem cells. Thus, for example, SCF and IL-11 sustained the viability
and proliferation of activated HSC, while only a cocktail containing collagen and
nerve growth factor in addition to SCF and IL-11was able to promote self renewal
in HSC, although to a lesser extent than UG261B6. For this work, SFRP1 and

CTSK were chosen to be examined further.

1.5. SFRP1

Secreted frizzled-related Protein 1 is a family member of 5 secreted proteins in
mammals that regulate WNT signaling. SFRP1 contains a cysteine rich domain
that has a 30-50% homology to FZD, which inspired its name, and a C-terminal
Netrin domain that binds WNTSs.

Whilst early research suggested a WNT-inhibiting function, recent evidence
revealed that nanomolecular concentrations of SFRP1 promote canonical WNT

whereas high levels of SFRP1 induce 3-catenin degradation (Xavier et al., 2014).



Due to its WNT/R-catenin antagonizing properties, Sfrp1 functions as a tumor
suppressor. Epigenetic silencing of Sfrp1 has indeed been observed in a variety
of cancers as well as different kinds of leukemia, whereas in other cancers, Sfrp1

is enhanced, suggesting a context-sensitive function.

In the bone marrow niche, SFRP1 is mainly secreted by MSPCs and osteoblasts
(Dufourcq et al., 2008; Nakajima et al., 2009). In Sfrp7 - mice, Renstrom et al.
reported increased B220" B-cell populations and cycling activity in the bone
marrow. Early hematopoiesis showed reduced cycling activity of MPP and LSK,
although the frequency of LSK was not diminished. Whilst no intrinsic effects were
shown in transplantation of Sfrp7 - LSK into WT mice, in serial transplantations
of WT-LSK into Sfrp1 - recipients, stem cell exhaustion was found (Renstrom et
al., 2009). It follows, that extrinsic SFRP1 rather than intrinsic SFRP1 is relevant
for stress-response in hematopoiesis. Interestingly, in contrast to the reported
WNT inhibitory functions of SFRP1, R-Catenin levels were reduced in the LSK,
MPP and CLP of Sfrp1 - mice.

Concerning non-canonical WNT, there is evidence that Sfrp1 might inhibit WNT5a
signaling, though this has not yet been demonstrated in hematopoiesis
(Matsuyama et al., 2009).

1.6. CTSK

Secreted proteases cleave microenvironmental components of the bone marrow
niche, such as chemokines, cytokines, and matrix components. This is crucial for
the liberation of HSCs from their niche into the blood stream during hematopoietic
stress (Klein et al., 2015) .

Along the stem cell rich endosteum, bone-lining osteoclasts secrete CTSK, a
major bone-resorbing protease, that also cleaves essential SCF and CXCL12,
suggesting a role in the selective recruitment of HSCs and their progenitors (Kollet
et al., 2006). Due to its high expression in the UG261B6 cell line, our group has
previously investigated the role of CTSK in hematopoiesis. Jardon-Alvarez found

myeloid skewing, reduced LSK numbers, and decreased BM cellularity in CTSK-



deficient mice, while cell numbers in peripheral blood (PB) and spleen (SPL) were
increased (Jardon-Alvarez, 2016). Transplantation of WT BM into CTSK-deficient
recipients revealed changes in B- and T-lymphocyte numbers in both the BM and
other hematopoietic organs (Hackl, 2016). Intrinsic CTSK deficiency, through
transplantation of CTSK-deficient BM into WT recipients, caused reduced

granulocyte numbers (Kehr, 2017).

These studies were conducted separately and at different times and therefore,
have not yet been analyzed together in a comprehensive context. Part of this work
aims to complete, reanalyze, and integrate the findings of previous studies into a

unified context.



2. Aims and objectives

One of the most fundamental and yet unanswered questions in hematologic
research is how to optimally expand hematopoietic stem cells in vitro. It is well
known that in the bone marrow niche, early hematopoietic stem cells depend on
factors secreted by their microenvironment. The following experiments explored
the effects of extrinsic CTSK and SFRP1 on early hematopoietic stem cells. In
the UG261B6 cell line, that preserves early hematopoietic stem cells and their
capacity for differentiation and self-renewal exceptionally well, these secretory

proteins are overexpressed.

Although raw data from various in vivo experiments with CTSK had already been
collected, they had not yet been analyzed altogether. In this study, all existing
raw FACS data underwent re-analysis. Additionally, the behavior of early CD34-
SLAM cells in the presence and absence of both CTSK and SFRP1 was

examined in vitro and compared with in vivo evidence.

As secreted factor, SFRP1 plays a crucial role in regulating the WNT signaling
pathway in the hematopoietic niche. Initially proposed as canonical WNT
inhibitor, evidence now suggests that it can also modulate non-canonical WNT
signaling. RNA sequencing data from LSK cells regenerated in a WNT5A-
haploinsufficient niche revealed several dysregulated genes associated with
autophagy, endocytosis, and actin cytoskeleton regulation. To shed light on the
link between SFRP1, WNT5A and canonical WNT signaling, small molecule
inhibitors targeting some of these genes were identified and screened for their

effects on early hematopoiesis.



3. Materials and Methods

3.1 Materials

3.1.1 Consumables

Product

Manufacturer

Cell Culture Plates Cellstar 6well

Greiner Bio-One GmbH (DE)

Cryogenic vial, 2 mL

Corning Inc. (USA)

Filter 22 pm, 30 pm, 45 pm

BDTM Filcon, BD Bioscience (DE)

Filter tips TipOne 1-10 pL, 20 - 200 pL, 200

1000 pL

Starlab (Hamburg, DE)

MicroAmp® Fast 96-Well Reaction Plate

Applied Biosystems (USA)

Microcentrifuge safe-lock tubes, 1.5, 2 mL

Eppendorf AG (DE)

Microplate, 96 well

Greiner Bio-One GmbH (DE)

Monoject, blunt cannula needles with
Aluminium hub

Cardinal Healthcare (USA)

Polypropylene centrifuge tubes 15, 50 mL

Greiner Bio-One GmbH (DE)

Serological Pipettes, 2, 5, 10, 25, 50 mL

Greiner Bio-One GmbH (DE)

Steritop-GP, 0,22 uym, Polyethersulfon, 500
ml, 33 mm

Millipore Co. (USA)

Tissue Culture Dish, 10 mm

TPP Techno Plastic Products AG (CH)

Table 1 List of used consumables

3.1.2 Machines

Product Name Manufacturer
Cell sorter MoFlo High Speed | Beckman (US)
Centrifuges Megafuge 3.0RS Heraeus Instruments (DE)
Multifuge 3S Heraeus Instruments (DE)
Biofuge fresco Heraeus Instruments (DE)
Sigma 1-14 Sigma Laborzentrifugen GmbH
(DE)




Counting chamber

Neubauer-improved

Paul Marienfeld GmbH (DE)

Flow cytometer

CyAn ADP LxP8

Leica (DE)

Ice machine S.-No:061244 Ziegra Eismaschinen (DE)
Incubator Hera Cell 240 Heraeus Instruments (DE)
Laminar flow hood ANTAES 48/72 BIOHIT (DE)

Microscope CKX41 Olympus Corporation (Japan)

UV/Visspectrophotometer

NanoDrop ND-1000

NanoDrop Technologies (USA)

Precision scales PLJ 2100-2M Kern & Sohn GmbH (DE)
QuadroMACS Separator MACS MACS Miltenyi Biotec (DE)
Radiation Unit Gulmay Gulmay (USA)
Real-Time PCR System StepOne Applied Biosystems (USA)
Vortex IKA MS1 Werke & Co. (DE)
minishaker

Table 2 List of used machines

3.1.3 Chemicals
Product Manufacturer

Ethanol, 99.8 %

AppliChem (DE)

HBSS

Invitrogen (DE)

HEPES

Invitrogen (DE)

Isofluran 100 %

Abbott Laboratories (USA)

Isopropanol

Sigma-Aldrich (DE)

Propidium-Jodid (PI)

Invitrogen (DE)

Trypan blue

Invitrogen (DE)

UltraPure Dnase/Rnase-Free
Distilled Water

Invitrogen (DE)




B-Mercaptoethanol

Invitrogen (DE)

Table 3 List of used Chemicals

3.1.4 Cell lines

UG26-1B6-pLKO.1

Oostendorp et al., 2002
Renstrom et al., 2009

UG26-1B6-shSfrp1

Oostendorp et al., 2002
Renstrom et al., 2009

UG26-1B6-shCtsk

Jardon Alvarez, Hausinger et al. 2019

Table 4 List of used cell lines

3.1.5 Biological reagents

Albumin Fraction V, 2 98 %, bovine
(BSA)

Carl Roth (DE)

Fetal Calf serum

PAA (DE)

Gelatine from bovine skin

Sigma-Aldrich (DE)

Horse serum

BioWhittaker (DK)

LDL, human

Stemcell Technologies (DE)

Penicillin/Streptomycin

Invitrogen (DE)

Puromycin

Invitrogen (DE)

Trypsin 10x

Invitrogen (DE)

Table 5 List of used Biological reagents

3.1.6 Ordered buffers, media and solutions

a-MEM plus GlutaMAX

Inivtrogen (DE)

BIT 9500 Serum Substitute

Stemcell Technologies (DE)




(DMEM)

Dulbecco’s Modified Eagle Medium

Invitrogen (DE)

(DPBS)

Dulbecco’s phosphate buffered saline

PAA (DE)

(HBSS)

Hank’s Buffered Salt Solution, 10x

Invitrogen (DE)

HEPES

Invitrogen (DE)

(IMDM)

Iscove’s Modified Dulbecco’s Medium

Thermo Fisher Scientific Inc. (USA)

Table 6 List of ordered buffers, media and solutions

3.1.7 Self-made buffers, media and solutions

Name

Composition

FACS buffer

500 ml PBS
5% BSA

Freeze medium

90% heat-inactivated calf serum, freshly thawed
10% Dimethyl sulfoxide

Gelatin 0.4 g gelatin powder

400ml distilled H,O

-> autoclaved in a loose-cap 500ml glass bottle
HF2 buffer 86% distilled H,O

10% HBSS (10x)

2% heat-inactivated fetal calf serum
0.1% HEPES

100 U/ml penicillin

100 mg/ml streptomycin

- mixed well and filtered through a 0.22um bottle-top filter

Stroma medium

a-MEM plus GlutaMAX

15% heat-inactivated fetal calf serum

5% heat-inactivated horse serum

100 U/ml penicillin

100 mg/ml streptomycin

10 mM R-Mercaptoethanol

- mixed well and filtered through a 0.22um bottle-top filter




Trypsin 45 ml PBS
5 ml Trypsin 10x

Table 7 List of self-made buffers, media and solutions

3.1.8 Kits

FITC Annexin V Apoptosis Detection Kit | BD Pharming (USA)
|

Lineage cell depletion kit, mouse Miltenyi Biotec (DE)

Power SYBR Green PCR Master Mix Applied Biosystems (USA)

Quanti Tect Reverse Transcription Kit Qiagen Inc. (DE)

RNeasy Mini Kit Qiagen Inc. (DE)

Table 8 List of used Kits



3.1.9 Antibodies

Antigen Fluorochrome Volume Clone Company
Anti-mouse CD3e | PE-Cy5.5 0.1 4l 145-2c11 | Sbioscience
(USA)

. ebioscience
Anti-mouse CD4 PE-Cy5.5 0.1 30-F11 (USA)

. ebioscience
Anti-mouse CD8a PE-Cy5.5 0.1 ul 53-6.7 (USA)

. APC APC- ebioscience
Anti-mouse CD11b oFluor®780 0.1 ul M1/70 (USA)

. ebioscience
Anti-mouse CD34 FITC 0.1 ul RAM34 (USA)

FITC

PE
Anti-mouse CD45 ZFEL%%'EE(? E-CY7T 0.1 30-F11 ?Sg’j)c'ence

APC APC-

eFluor®780
Anti-mouse CD45R ebioscience
(B220) PE-Cy7 PE-Cy5.5 0.1 RA3-6B2 (USA)
Anti-mouse CD117 ebioscience
(KIT) APC PE 0.1 ul 2B8 (USA)

. ebioscience
Anti-mouse CD150 APC PE 0.1 ul 9D1 (USA)
Anti-mouse Gr-1 (Ly- ebioscience
6G) eFlour450® 0.1 pl RB6-8C5 (USA)

. ebioscience
Anti-mouse SCA-1 PE PE-Cy7 0.1 ul D7 (USA)
Biotinylated anti- ebioscience
mouse CD3e - 01wl 145-2C11 1 usa)
Biotinylated anti- ebioscience
mouse CD11b - 0.1 ul M1/70 (USA)
Biotinylated anti- ebioscience
mouse CD48 - 0.1 ul HM48-1 | Usa)
Biotinylated anti- ebioscience
mouse B220 - 0.1 ul RA3-6B2 | jsp)
Biotinylated anti- i 0.1 ul RB6-8C5 ebioscience

mouse Gr1 (Ly-6G)

(USA)




Biotinylated anti- ebioscience
mouse TER-119 - 01wl TER-119 1 ysh)
Streptavidin Invitrogen
secondary antibody eFluora50® 01wl ) (DE)

Table 9 List of used antibodies

3.1.10 Primers

CTSK2 forw CTCCCAGTGGGTGTCCAGTATC
CTSK2 rev GCTCAAGGTTCTGCTGCTACCT
CTSKRS forw CCAGTGGGAGCTATGGAAGA
CTSKR3 rev AAGTGGTTCATGGCCAGTTC

RplI39 F ATTCCTCCGCCATCGTGCGCG
RpI39 R TCCGGATCCACTGAGGAATAGGGCG
Sfrp1-F AATCCAGTCGGCTTGTTCTT

Sfrp1-R CTAATCTAAATGGCCCTTGCTTTAC

Table 10 List of used primers

3.1.11 Mice strains

C57/BL6.J Harlan Laboratories (DE)

129x C57/BL6.J Breeding in ZPF: 129S2/SvHsd x C57/BL6.J

Table 11 List of used mice strains

3.1.12 Software

Graphpad Prism 10

GraphPad Software, Inc (USA)

Snapgene

GSL Biotech LL (USA)

Stepone™ Software v2.2

Applied Biosystems (USA)

Table 12 List of used software




3.1.13 Inhibitors

SecinH3 Cyth1/Cyth2 Tocris (UK)
Spautin-1 BECN1 Sigma-Aldrich (GE)
CPYPP DOCK2 Tocris (UK)
ISA2011B Pip5k1a gift

Edelfosine PLC Sigma-Aldrich (GE)

Table 13 List of used inhibitors




3.2 Methods
3.2.1 UG261B6 cell line and its maintenance

In the aorta-gonads-mesonephros (AGM) region, the first repopulating
hematopoietic stem cells originate in the murine embryo. Increasing activity of
HSCs is found in the urogenital ridge of the midgestational embryo between day
10.5 and 11. Oostendorp et. al found that stromal clones derived from the
urogenital subregion of the AGM support HSC survival in vitro exceptionally well
compared to other AGM subregions or adult bone marrow stromal cells
(Oostendorp et al., 2002).

The abovementioned stromal cell line was created in 2002 and is derived of the
urogenital ridge of transgenic mouse lines expressing the thermolabile tsA58

gene, which is a commonly used immortalizing gene to generate cell lines.

Although lentiviral knockdown experiments are regularly conducted within our
research group, the knockdowns discussed in this study were already existent. To
ensure the stability of the knockdown, cells were treated with puromycin. Thawed
UG261B6 knockdowns were washed and cultured in stroma medium containing
5mg/ml puromycin on 0.1% gelatine-coated dishes at 33°C with 5% CO2 and
>95% humidity. Following exposure to puromycin, only successfully transduced
cells containing the integrated puromycin resistance gene within the expression
cassette would survive. It was avoided to grow the cells to confluency to prevent

contact inhibition and senescence.

For harvesting, the culture medium was aspirated, cells were washed gently with
PBS to remove residual medium or cell debris. The cells were then incubated with
0,5% trypsin solution for 5 minutes. Detachment of the cells was checked under
the microscope, then they were aspirated and transferred to a sterile tube
containing stroma medium to neutralize the trypsin. Cells were spun down at 300g
and resuspended with 1ml stroma medium for counting. 20pl of viable cells was

stained with 20ul 0.4% trypan blue and counted under the microscope using a



Neubauer hemocytometer. The result was multiplied by 10* x ml to obtain the final

cell number.

Then, cells were either replated on coated dishes, reaching their next passage, or
resuspended in freeze medium and frozen at -80°C or transferred in an RNase
free tube and used for RNA isolation. For experiments, controls and knockdowns

from the same passages were used.

3.2.2 RNA isolation, reverse transcription and real-time qPCR

Verification of the knockdowns was performed by analysis of the specific gene
expression levels of Sfrp1 and Ctsk using quantitative real-time polymerase chain
reaction (RT-qPCR). RT-gPCR is a method for amplification and quantification of
a specific RNA molecule and a reference gene. The reference gene, that is
constitutively expressed in the cell concerned, serves as an internal control to

which the expression level of the target gene is later normalized.
Extraction and purification of total RNA

To obtain total RNA, the frozen cell pellet first needs to be lysed and subsequently,
the RNA is extracted and further purified. This was done with the RNeasy Mini Kit
from Qiagen, according to the manufacturer's instructions. Initially, cells were
lysed with 350pl of a guanidine thiocyanate-containing lysis buffer (RLT Buffer),
that disrupts cellular structures, and 10ul of 3-mercaptoethanol to inactivate
RNases. mechanical disruption was additionally performed through vortexing. For
homogenization, the lysate was transferred into a QIA shredder spin column and

centrifuged at full speed, the flow-through was caught in a collection tube.

1 volume of 70% ethanol was then added to the sample. Ethanol and guanidine
thiocyanate both facilitate the binding of RNA to a silica membrane. The lysate
was then applied to the silica membrane (RNeasy spin column) and centrifuged
for 15 second’s maximum speed. DNA, salts, proteins and other cellular
components were removed through repeated washing, yielding purified RNA.

Initially, 700ul of ethanol-containing RW1 buffer was used for washing, then



repeated washes with 500 pl of concentrated RPE buffer were performed.
Remaining wash buffer was removed by centrifugation of the membrane for 1

minute at full speed.

Finally, by adding 50ul of RNase-free water directly onto the spin column, the RNA
was eluted into a new collection tube. The sample was spun down at full speed.

To prevent degradation, the purified RNA was afterwards kept on ice.

The RNA amount of each sample was then quantified by measuring the optical
density at 260/280nm using a spectrophotometer. The RNA was then aliquoted
and stored at -80°C.

Primer design for RT-qPCR

The target mMRNA sequence was obtained from the UCSC Genome Browser. As
primer binding sites, exons that had a minimum base pair length of 1000bp and

were conserved within the mRNA sequence were selected.

The nucleotide sequence was then inserted into the primer design tool Primer3.
The following criteria were set: Primer length: 18-22 base pairs, product size: 80-
120 base pairs, melting temperature: 60 +2°C. From the proposed primers, those
with a GC-content between 40-60% and that had no inter- or intra-primer

homology were selected.

To evaluate for primer specificity, binding sites and amplicon length, the primer
sequence was analyzed with SnapGene. SnapGene is a software tool for the
visualization and analysis of DNA sequences. Subsequently, the primers were

ordered from Thermofisher.

To assess primer performance, a serial dilution with known concentrations of
universal mouse DNA was used. The PCR master mix, that is described further
below, was added, and real-time quantitative PCR (RT-qPCR) was performed.
The read-out of the RT-gPCR consisted of a standard curve, where threshold

cycle (CT) — values were plotted against the DNA concentrations. By Linear



regression analysis using Microsoft Excel, the coefficient of determination, R? was
obtained. Primers with an R? value of >0.9 were considered appropriate, which

indicates high PCR efficiency.
Reverse transcription of total RNA into complementary DNA (cDNA)

Reverse transcription from RNA to complementary DNA (cDNA) was performed
using the QuantiTect Reverse Transcription Kit from Qiagen. Reverse
transcriptase is a multifunctional enzyme. It's RNA-dependent DNA-Polymerase
activity catalyzes the transcription of the RNA-template into cDNA. The RNase H
activity of the enzyme specifically degrades the RNA in RNA-DNA hybrids without
affecting pure RNA.

First, 2ul of genomic DNA wipeout buffer as well as a variable amount of water
was added to the RNA until a total reaction volume of 14ul was achieved. If more
than 1ug RNA was used, the reaction volume was scaled up. The mix was
incubated for 2 minutes at 42°C, afterwards kept on ice. Then, a reverse
transcription master mix with 1ul Quantiscript reverse transcriptase enzyme, 4l
Quantiscript RT Buffer nucleotides, and 1pl Primer Mix of random primers was
applied to the sample. After 15 minutes of incubation at 42°C, the enzyme reaction

was terminated by heating the sample up to 95°C.
Real-time Polymerase Chain Reaction

RT-gPCR was carried out with the StepOnePlus Real-Time PCR System with the
fluorescent dye Power SYBR Green PCR Master Mix (Applied Biosystems). A RT-
gPCR machine on one hand performs a process called thermal cycling to
synthetize double-stranded DNA (dsDNA) and on the other hand simultaneously

detects fluorescence that is emitted when dsDNA is produced.

In the first step of RT-qPCR, the DNA is denaturated into single strands at a high
temperature of 95°C. Then, the temperature is lowered to approximately 55°C,
where the primers can anneal to the single-stranded DNA. During extension

phase at 70°C, the DNA polymerase reaches its optimal operating temperature



and synthetizes DNA by elongation of the annealed primers. This cycle of
denaturation, annealing and extension is repeated approximately 40 times. During
extension, the fluorescent SYBR Green intercalates dsDNA and through
interaction with the DNA molecule, emits a higher fluorescence. The more dsDNA
is produced, the more fluorescence is emitted. The detected amount of
fluorescence is directly proportional to the amount of DNA molecules at each cycle
during DNA amplification. Besides the fluorescent dye, the SYBR Green PCR

master mix contains DNA polymerase, dNTPs and magnesium.

The PCR master mix composition as follows:

Forward primer 0.05ul
Reverse primer 0.05ul
cDNA 1ul
H-O 8.9ul
SYBR Green 10ul
Total volume per well 20 pl

Table 14 RT-PCR mastermix

The reaction components were mixed by flicking the tubes and then centrifuged
to collect contents at the bottom of the tube. The plates were loaded with triplicates
of each sample and with a no-template control (to test for contaminations and
primer dimers), and then sealed with an optical cover. To reduce entrapment of
air bubbles through pipetting and collect sample adhering to the walls of each well,
plates were centrifuged, then inserted into the thermal cycling block and the RT-
gPCR run started.

Denaturation 50 °C 5 min

Annealing 95 °C 15 sec 40 cycles
Extension 58 °C 30 sec

Hold 4 °C unlimited

Table 15 RT-PCR protocol

Success of DNA amplification PCR product was analyzed. Therefore, the
amplification and melting curves were examined. An adequate amplification curve
was considered sigmoidal: as the amount of fluorescence mirrors the amount of
dsDNA, at the beginning of the RT-qPCR there is little target DNA. It follows an



exponential phase with a rapid increase in target DNA. The limitation in reagents
leads to a reaction plateau, then it finally stagnates. Specificity of the DNA product
was assumed when the melting curve showed a single, well defined melting peak

with sharp decrease.

The CT value of the reference gene was subtracted from the CT value of the target

gene to obtain the ACT value.

3.2.3 Generation of serum-free conditioned medium

Stromal cells were grown to 90% confluency on 10cm dishes and immortalized by
irradiation with 30gy. After the stroma medium was discarded, three wash steps
were performed with PBS to remove residual serum from culture media. Serum
free culture medium BIT 9500 Serum Substitute was diluted with IMDM to a final
concentration of 20% and supplemented with Penicillin/Streptomycin (100U/ml
and 100mg/ml), low density lipoproteins (40mg/ml) and [3-mercaptoethanol
(1:1000). 12ml of the master mix were added onto the 10cm dish and conditioned
for 3 days at 33°C with 5% CO2. The conditioned medium was then collected and
filtered through a 30um syringe filter (Whatman).

When working with small molecule inhibitors, they were added on the day of the
cell sort before filtering the solution. The control media were substituted with the
same amount of DMSO as used for restitution of each inhibitor. The maximal
DMSO concentration was 1:3000 to prevent an influence of DMSO itself on the

cells.

3.2.4 Reconstitution and titration of small molecule inhibitors

An extensive literature review was performed to determine the optimal
concentration range for each small molecule inhibitor. Inhibitors were selected
for which 1C50 values had already been published. Data on IC50 for cell culture
experiments were preferred. When information was available only for in vivo
experiments, we used the data related to mouse experiments. First, the inhibitor

at the published IC50 and at concentrations three times lower and higher was



tested. The concentration range was step by step adjusted based on the

oberserved effects.

The MTT assay was not practical for the experimental setting that examined the
rare population of LT-HSCs. The MTT assay requires a high number of cells to
achieve an acceptable seeding density (e.g., 5000 cells per well on a 96-well
plate) compared to the 60 cells needed for one 96-well plate for the single-cell
essay. We focused our investigations on evaluating the effects of inhibitors on
proliferation, differentiation, and apoptosis. The inhibitors were reconstituted with

DMSO and stored following the manufacturer’s instructions.

To minimize the cytotoxic effects of DMSO, we avoided using concentrations
higher than 0.1%. Therefore, when necessary, the inhibitors were prediluted in

serum-free conditioned medium immediately before use.

3.2.5 Mice and preparation of murine tissue

129x Ly5.1 mice were used as stem cell donors. The animals were kept according
to the Federation of Laboratory Animal Science Associations and institutional
guidelines. The animal experiments were approved by the Government of Upper

Bavaria (Hausinger et al., 2021).

For bone marrow experiments, 6-8 weeks old mice were sacrificed. Femora and
tibiae were cut at the ends, and bone marrow was flushed out and resuspended
with a blunt needle in ice cold HF2 buffer. The suspension was then passed

through a 30um syringe filter and centrifuged at 500 rpm for 5 minutes.

Lineage separation was performed with the lineage separation kit from Miltenyi
according to the manufacturer’s instructions. The cell suspension was stained
with a primary monoclonal anti-biotin antibody against the lineage marker CD34
and incubated on ice for 10 minutes, then cells were washed with HF2- buffer.
The secondary labelling was done with biotinylated magnetic beads (MicroBeads)
for 15 minutes on ice. A MACS column was then attached to the MACS separator

which produces a magnetic field and equilibrated with HF2 buffer. Cells were then



applied to the column which retained the CD34" cells. The columns were rinsed
three times to increase the yield of the lineage negative population. Then, the
MACS columns were removed from the MACS separator to interrupt the magnetic
field and the lineage positive cells were flushed out in separate tubes. They were

used as single stains for the cell sort.

3.2.6 Flow Cytometry and cell sorting

CD34-SLAM cells were isolated from the previously lineage-depleted BMby
antibody staining of their surface markers and cell sorting. The staining was
performed in a total reaction volume of 100ul/5 mice in HF2* buffer in the dark on
ice, cells were incubated for 60min, then washed with HF2*. The antibodies are
listed in Table 9. The bone marrow staining protocol for cell sort of CD34- SLAM

cells:

Lineage panel: CD3e, GR1, Ter119, B220, CD11b, CD48 + Streptavidin 0,5ul/10°
cells — PECY 5.5 (secondary)

CD48-PECy5.5 3ul/108 cells
Ckit-APC 3ul/108 cells
Sca1-PECy7 3ul/10° cells
CD34-FITC 2ul/108 cells
CD150-PE 3pl/108 cells

Using a MoFlo High Speed cell sorter, we first removed doublets by gating on
forward scatter (FS) and pulse width (PW). In the gate for sideward scatter
(SS)/FS, we used size and granularity to differentiate between cells and debris.
Next, we enriched for living cells by selecting the Pl-low population via gating for
Pl/forward scatter. Then, we gated for c-kit, a marker typical of hematopoietic
stem cells and myeloid progenitors, and lineage-negativity (B220, CD3e, CD11b,
CD48, Gr1, TER119) to further refine the population. Finally, we used Sca-1,



also a marker for early HSCs and progenitors, gated against c-kit to isolate the
LSKs.

CD34°SLAM cells are the most primitive HSCs able to generate all types of
blood cells. They can be identified by high expression of CD150. To isolate
them, the LSKs were sorted based on CD150 and CD34 expression. The
resulting population was CD34-, CD48-, CD150*, SCA-1*, KIT* LSK, also known
as CD34'SLAM cells.

3.2.7 Single cell assay

On the day of cell sorting, stem cell factor (100 ng/ml) and IL-11 (20 ng/ml) were
added to the conditioned medium. Round-bottomed 96-well plates were

preloaded with 94 pl of medium and stored at 37°C until sorting.

A single CD34- SLAM cell was sorted into 60 wells of a 96-well plate containing
conditioned medium, the rest of the wells was filled with 200pl distilled water to
prevent drying out, the plates were centrifuged at 300 rpm for 2 minutes without
brakes to center the cells in the round-bottom plate. Thus, they could easier be

localized under the light microscope.

Plates were inspected daily (around the same time) for growth under a light
microscope, starting 24 hours after sorting, for 5-7 days. Cells were then

harvested and analyzed with flow cytometry for differentiation and apoptosis.

The staining protocol for the differentiation panel can be found below. Cells were

incubated for at least 30min in the dark on ice and washed with HF2.
Bone marrow Staining for Differentiation- FACS:

Gr-1-PB/55 pl/108 cells

cKit-PE/5 pl/108 cells

Sca1-PECy7/5 ul/108 cells



B220 + CD3e-PECy5.5/5 pl/10° cells
CD11b-APC/5 ul/10° cells

Apoptosis was examined using Annexin-V-staining with the FITC Annexin V
Apoptosis Detection Kit | (BS Pharming). This method works since processes
that occur in the cell membrane when cells enter apoptosis. First, a cell pellet of
10° cells is resuspended in 500ul of Annexin buffer. 5 ul of Annexin conjugated
to the fluorescent dye FITC and 10ul propidium iodide are added to the sample,
vortexed and incubated on ice for 15 minutes, then fluorescence is measured
within one hour. Annexin V binds to phosphatidylserine, which is a part of the
cell membrane and usually kept inside the cell, where it is not accessible for
Annexin V. When a cell enters apoptosis, phosphatidylserine is exposed on the
outer surface and hence can be bound by Annexin V. The emitted fluorescence
therefore detects phosphatidylserine and is a measure for early apoptosis.
Propidium iodide is a fluorescent dye that intercalates DNA but cannot enter
cells with an intact cell membrane. During late apoptosis, the cell membrane is
compromised. Cells that are Pl positive, are therefore in a stage of late

apoptosis.

It follows, that cells that are Annexin V negative and Pl negative, are alive.
Annexin positive but Pl negative cells have entered early apoptotic stage and

cells positive for both Annexin V and Pl are considered necrotic.

3.2.8 Analysis of single cell assays

For Clone size, the cells were daily counted under the microscope. It was defined
as the number of viable cells per well on each day of observation. Survival was
the presence of one or more cells in each well. Time to first division was the day
when more than one cell was first observed in a well. Additionally, the percentage

of wells with divided cells, i.e., those with more than two cells, was calculated.



3.2.9. Statistical analysis

GraphPad Prism 7 was used to perform the statistical analyses. Were unlcear,
normal distribution was analyzed with the Kolmogorov-Smirnov test. The level of
significance was explored with the nonparametric Mann-Whithney test, as the
data were not normally distribbuted. When comparisons of more than two
groups were needed, the one-way analysis of variance test was used. Dunnett’s
multiple comparison test was then applied as post hoc test. Statistical
significance was assumed whith a p value < 0.05. The data were visualized as

dot plots with means + systematic error of the mean (Hausinger et al., 2021).



4. Results

To identify the factors that influence the maintenance, proliferation, differentiation,
and survival of hematopoietic stem cells in vitro, single cell experiments were
conducted. Single CD34- SLAM cells were therefore cultured in conditioned,
serum-free media from the cell line UG261B6. The non-contact nature of this

setup is essential to eliminate potential cell-cell interactions.

This thesis investigates two secreted factors within the hematopoietic niche:
SFRP1 and CTSK. It's noteworthy that neither of these factors is expressed by
hematopoietic stem cells (HSCs); they are produced by stromal and osteogenic
cells. The in vitro findings are then compared with existing data from in vivo

experiments.

4.1 Characteristics of CD34- LSKS cultured in single cell cultures in the
presence or absence of CTSK

Secreted CTSK cleaves Collagen and promotes HSC release from the bone
marrow niche. Therefore, we proposed that absence of CTSK would dysregulate

HSC function and expansion in vitro.

To investigate the extrinsic effects of CTSK on HSCs in vitro, we utilized existing
Ctsk knockdowns from the UG26-1B6 cell line, with the corresponding empty
vector control. The cells were thawed and plated onto gelatine-coated dishes and
cultivated to confluence. Puromycin was substituted to select clones with intact
Ctsk knockdown. Cells were harvested, RNA was isolated, and cDNA was

synthesized for gPCR confirmation of the downregulation of Ctsk (Fig. 3A).



Following verification of the knockdowns, we generated serum-free conditioned
medium (see Methods, 3.2.3). For the single-cell experiments, we isolated CD34"
SLAM cells from the murine bone marrow. A single cell was sorted into 96-well
round-bottomed plates preloaded with serum-free conditioned medium from either
UG26-1B6 pLKO.1 or shCtsk2 and shCtsk4. The conditioned medium was
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Figure 3 Generation of knock-down stromal cell lines and experimental design for single cell assay

A mRNA content of CTSK with Ythdf1 as housekeeping gene in the UG26-1B6 knockdown
clones shCtsk2, shCtsk4 and the empty vector control pLKO. 1 measured by real-time-
PCR. Mean down regulation from 2 experiments each: 92.84% for shCtsk2, 92.07% for
shCtsk4
B Single cell assay: Conditioned medium was generated by irradiation of confluent 10cm
dishes of the UG26-1B6 knockdown clones and the empty vector controls. Bone marrow
was isolated and CD34- SLAM cells were enriched by FACS as described. One single cell
per well was sorted into a 96 well plate with conditioned medium supplemented with SCF
and IL-11. Cell number was microscopically assessed every 24h. After 6 days, the clones
were harvested, stained and analyzed with flow cytometry for differentiation.
substituted with stem cell factor (SCF) and interleukin 11 (IL-11) (Fig. 3B). The
plates were daily evaluated microscopically. Thereafter, the cells were harvested

and analyzed by flow cytometry for differentiation and apoptosis (Fig. 3B).

A significant decrease of cell proliferation and clone size of CD34 SLAM cells
cultured in a CTSK-deficient environment was observable from day 3 onwards
(Fig 4A). We hypothesized, that this reduction could be due to either slower
division rates or increased cell death. However, the time to the first cell division
was not different between the cultures (Fig. 4B), suggesting cell cycle recruitment
was unimpaired. Furthermore, the percentage of wells containing at least two cells

on days 1 to 6 did not show significant discrepancies (Fig. 4C).



Regarding cell survival, we observed that from the second day onwards, 80.83-
91.25% of the wells contained at least one cell in all cultures. Survival remained
unchanged in HSCs cultured in shCtsk2 and shCtsk4 versus pLKO. 1-conditioned
medium (Fig. 4D). We established additional cell cultures and the fractions of
living, apoptotic, and necrotic cells 48 hours after culture with an Annexin V assay.
As we found similar rates of cell death and apoptosis, impaired survival was not

responsible for the smaller clone size (Fig. 4E).

Although cell cycle recruitment remained unaltered, the absence of soluble CTSK

led to decreased mitogenic activity of CD34" LSK.

Regarding differentiation, we observed no severe alterations, but a trend towards

myeloid skewing (Fig. 4C).

Our in-vitro experiments show a reduced capacity for CD34-LSK regeneration in

an environment lacking CTSK. Mature hematopoiesis is unaffected.

To further contextualize our findings, we compared them with in vivo evidence.
Ctsk’- mice have previously been characterized in our research group, but until
date, the experiments have not completely been analyzed together in a
comprehensive context. The methodological aspects of these experiments have
been described and the experiments performed by others in their respective
doctoral theses (Hackl, 2016; Jardon-Alvarez, 2016; Kehr, 2017) and are

therefore beyond the scope of this thesis.

In the following, we re-analyzed and interpreted all flow cytometric data from these

experiments to relate them to the current work and understand the in vivo and in
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Figure 4 Proliferation, survival, cell division rate, differentiation and of single CD34- SLAM cells
on CTSK deficient medium

A Microscopically evaluated mean clone size of CD34- SLAM cells cultured in
pLKO.1 or shCtsk conditioned medium. p<0.01 for days 3,4 and 5.

B Mean hours elapsed from spotting more than 1 cell in each well, for pLKO.1:
58.6412.04 hrs, shCtsk2: 61.87+2.48 hrs, shCtsk4: 60.06+2.57 hrs.

C Percentage of wells with more than two cells 6 days after culture.

D Percentage of wells with detectable cells during each day of culture

E Percentage of live (Annexin'PI” and apoptotic (Annexin*PI") LSKs and MPs
after 2 days culture

F Percentage of LSKs, Myeloid Progenitors and B220+ cells 6 days after culture

vitro effects of secreted factors on HSCs. These new data are presented in the

following section.



4.2 Characteristics of Ctsk”’-mice

The Ctsk-deficient mice (Ctsk”") showed no disparities in early hematopoiesis
under steady-state conditions in our re-analysis of FACS data from mice aged 8-
10 weeks (Fig. 5A and 5B). However, we found variations in lymphopoiesis
across different hematopoietic tissues in Ctsk”” mice when compared to their
wildtype (WT) counterparts (Fig. 5C-F). We observed an increase in the fractions
of CD45R+ B-lymphocytes in the peripheral blood (PB) and higher numbers of
thymic B- and T-lymphocytes (Fig. 5D, 5E). In the small T-lymphocyte bone
marrow (BM) compartment, we found a reduction in the CD3e+ T-lymphocytes
(Fig. 5A, 45E). In spleens (SPL) of Ctsk” mice, we did not find alterations of B-
and T- lymphocytes.
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Figure 5 Effects of Ctsk loss on steady- state hematopoiesis.

A Representative contour plots of the BM stem and progenitor cells from the BM of
WT and Ctsk™~ mice.

B Absolute numbers of CD34~- LSK cells and myeloid progenitors and in the BM of
WT and Ctsk™~ mice.

C Absolute numbers of B and T lymphocytes in the BM (CD3¢+:

70.5+12.6 x 10* for WT compared to 31.8 + 4.4 x 10* for Ctsk™™ mice, p =.045

D Percentages of B and T lymphocytes in the PB (CD45R*: 32.1 £ 7.6% for WT,
compared to 48.3 +2.0% for Ctsk™~ mice, p <.032)

E absolute numbers of B and T Lymphocytes in the THY (17.1 £0.1 x 10* for WT
controls compared to 46.4 + 0.1 x 104 for Ctsk—/— mice, p <.014, CD3¢+:

18.4 £ 5.1 x 108 for WT, compared to 36.8 + 4.3 x 106 for Ctsk™~ mice, p = .045)

and F SPL

Closed white circles represent WT cells, closed black circles represent Ctsk” cells.

It follows that CTSK may play a regulatory role in the distribution of B and T-

lymphocytes within different hematopoietic tissues.



4.3 Engraftment of wildtype hematopoietic stem cells in a CTSK deficient
stromal niche

Next, we investigated the impact of a Ctsk’- microenvironment on the stress
response of wildtype HSCs. In this experiment, wildtype HSCs had been
transplanted into lethally irradiated Ctsk’- mice (Fig. 6A). Unexpectedly, when
compared to the in-vitro data, the transplantation of wildtype HSCs into Ctsk”
mice did not result in any impairment of overall engraftment in the PB (Fig. 6B) or
BM (Fig. 6C-D). It did neither affect the engraftment of early hematopoietic cells,
compared to the WT controls (Fig. 6C- D). However, CD45R"* B-lymphocytes in
the BM were reduced in the BM and simultaneously, the numbers of B-

lymphocytes within the thymuses (THY) were increased (Fig. 6F-H).

Furthermore, there were fewer CD3¢* T-lymphocytes in the BM and they were
strongly reduced in the SPL compared to a microenvironment with sufficient CTSK
(Fig. 6F-G). These findings suggest that the presence of CTSK in the
microenvironment plays a regulatory role in optimizing the regeneration of donor

lymphopoiesis.
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Figure 6 Role of extrinsic CTSK for regeneration of WT HSCs

A Experimental design. WT Lin™ cells from congenic CD45.1 mice were transplanted into
primary (1°) CD45.2 Ctsk” mice and WT mice. Donor cells were analyzed 16 weeks post
transplantation.

B Representative contour plots of the BM stem and progenitor cells

C Percentage of donor engraftment in the PB

D Absolute numbers of CD34" LSKs and MPs in the BM of transplanted mice

E Percentage of B and T lymphocytes in the PB, absolute numbers of Band T
lymphocytes in the F BM (CD45R*: 5.4 + 1.0 x 10° for WT compared to 2.8 + 1.0 x 10° for
Ctsk™" recipient mice, p = .036), G SPL (CD3¢*: 9.5 + 1.7 x 108 for WT recipients
compared to 3.0 + 0.8 x 10° for Ctsk™" recipient mice, p < .003)

and H THY (CD3¢*: 11.4 + 1.5 x 106 for WT recipients compared to 27.3 + 6.6 x 10° for
Ctsk™" recipient mice, p < .035) of transplanted mice

Closed white circles represent WT cells, closed black circles represent Ctsk™” cells.



4.4 Engraftment of Ctsk”- hematopoietic stem cells in a wildtype bone
marrow niche

The observed lymphocyte-regulation could be through cell-extrinsic effects,
primarily via secretion of CTSK by e.g. stromal cells. However, CTSK could also
be secreted by the HSC itself or, particularly, by its osteoclast progeny. In a
second transplantation experiment, the impact of autocrine CTSK on
hematopoiesis was assessed. Here, HSCs from Ctsk”- mice were transplanted
into WT mice. Total PB cells repopulated poorly in the absence of CTSK (Fig. 7A-
B). As the engraftment of early hematopoietic donor cells in the BM was
unimpaired, altered myelopoiesis was not responsible for poor repopulation (Fig.
7B-C). Interestingly, only the absolute numbers of CD3g+ T-lymphocytes in the
BM were reduced, a finding that was seen before in steady state hematopoiesis
and extrinsic transplantation (Fig. 7D). The SPL and PB as peripheral lymphocytic

compartments showed unaltered engraftment of donor-lymphocytes.
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Figure 7 Repopulation capacity of Ctsk -/- HSCs

A Experimental design. CD45.2 BM cells from Ctsk”-and WT controls were
transplanted into CD45.1 WT recipient mice and analyzed 16 weeks post
transplantation

B Percentage of donor engraftment in the PB (50.2 + 6.8% for WT donors
compared to 28.1 + 6.8% for Ctsk™~ donor mice, p < .003)

C Absolute numbers of MPs and CD34™ LSKs in the BM of transplanted mice
D Absolute numbers of B and T lymphocytes in the BM (CD3¢+: 24.9 + 3.4 x
10* for WT compared to 11.9 + 2.8 x 10* for Ctsk”~ donor mice, p < .016)

E Percentage of B and T lymphocytes in the PB

F absolute numbers of B and T lymphocytes in the SPL

Closed white circles represent WT cells, closed black circles represent Ctsk” cells.



4.5 Characteristics of CD34- LSKS cultured in single cell cultures in the
presence or absence of SFRP1

Much like CTSK, SFRP1 is secreted by various niche components, particularly by
mesenchymal cells and osteoblasts. While SFRP1 is well-known for its role in
antagonizing canonical Whnt, evidence shows it also binds to WNT5a and
modulates non-canonical Whnt signaling (Bischoff et al., 2015; Pereira et al., 2008).

Thus, we investigated how the absence of SFRP1 in vitro impacts HSC fate.

Successful silencing of the Sfrp71 gene in UG26-1B6 shSfrp1 stromal cells was
confirmed via qQPCR (mean downregulation from four experiments: 92.40%, as

shown in Fig. 8A).

Similar to the effects observed in cultures with shCtsk conditioned medium (CM),
clone sizes of HSCs cultured in Sfrp1-deficient CM were significantly smaller than
the control (p<0.01 for days 3 and 4, and p<0.001 for days 5 and 6, Fig. 8B). We
also noted a trend towards reduced cell cycle recruitment (time to first division:
51.21+2.41 hours vs. 55.72+1.82 hours for pLKO.1-CM vs. shSfrp1-CM, p=0.19,
Fig. 8D), as well as fewer wells with divided cells on days 2 and 3 (Fig.8E). Both
culture media had similar percentages of wells with detectable cells during the
culture period (ranging between 76.2-83% for pLKO.1-CM and 77.6-79% for
shSfrp1-CM, as shown in Fig. 8F). The viability of LSKs (70.75+£2.25% vs. 66£1%
Annexin V- PI- cells for pLKO.1-CM vs. shSfrp1-CM) and MPs (67.8+1.6% vs.
68.911.9% Annexin V- PI- cells for pLKO.1-CM vs. shSfrp1-CM), as well as the
incidence of apoptosis (LSKs: 11.4+0.7% vs. 12.95+0.95% Annexin V+ PI- and
MPs: 9.62+0.38% vs. 8.18+0.58% for pLKO. 1-CM vs. shSfrp1-CM), did not differ
between knockdown-CM and controls (Fig. 8G-H).

Interestingly, the differentiation analysis showed a reduction in the fraction of
B220* lymphocytes from CD34-SLAM cells cultured in shSfrp1-CM (22+5.00% vs.
5.99+1.67%, p<0.01, Fig. 8l).

Thus, the lack of SFRP1 in vitro leads to impaired HSC expansion and function.
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Figure 8 Proliferation, survival, cell division rate, differentiation and of single CD34- SLAM cells on
SFRP1 deficient medium

A mRNA content of Sfrp1 with RPL39 as housekeeping gene in the UG26-1B6
knockdown clone shSfrp1 and the empty vector control pLKO. 1 measured by realtime-
PCR.

B Microscopically evaluated mean clone size of CD34- SLAM cells cultured in pLKO.1
or shSfrp1 conditioned medium.

C Heatmap of an exemplary experiment depicting the daily growth of single clones per
well colored by number of cell divisions.

D Mean hours elapsed from spotting more than 1 cell in each well.

E Percentage of wells with more than two cells 6 days after culture

F Percentage of wells with detectable cells during each day of culture.

G Percentage of live (Annexin-Pl-) and apoptotic (Annexin+PI-) LSKs and H MPs

I Percentage of lymphoid and myeloid cells, as well as SCA"" and SCA°" LSKs and
Myeloid Progenitors 6 days after culture of CD34" SLAM cells.

Closed white circles represent cells cultured in pLKO. 1-CM, closed black circles
represent cells cultured in shSfrp1-CM.



4.6 Identification of small molecule inhibitors and their titration

To identify key nodes within the Sfrp1 and Wnt network influencing HSC
behaviour, we performed single-cell cultures supplemented with small molecule
inhibitors. Previously, RNA sequencing of wildtype LSKs repopulated in a
WNT5A-haploinsufficient niche (Schreck et al.,, 2017) had revealed a
dysregulated expression of genes associated with autophagy, endocytosis, and
actin cytoskeleton regulation. An excerpt from the complete data excerpt is
provided below (Schreck et al., 2017).

Gene Fold p-value Pathway

Name change (adjusted)

Bax 0,42 0,03599 Autophagy pathway

Becnl 0,50 0,04501 Autophagy pathway

Sirt3 0,50 0,02524 Autophagy pathway

Ctsd 0,53 0,00004 Autophagy pathway

Snx14 2,67 0,00080 Autophagy pathway

Ap2bl 0,42 0,00000 Endocytosis

Sh3kbp1 1,42 0,04368 Endocytosis

Arfé 1,59 0,01183 Endocytosis

Inpp5a 0,32 0,00602 Phosphatidylinositol signaling
Inpp5k 0,46 0,00537 Phosphatidylinositol signaling
Ocrl 0,61 0,00920 Phosphatidylinositol signaling
Pik3ip1 1,54 0,02160 Phosphatidylinositol signaling
Plcel 2,48 0,03632 Phosphatidylinositol signaling
Pip5kla 0,46 0,00294 Regulation of actin cytoskeleton
Dock2 1,58 0,02699 Regulation of actin cytoskeleton
Wasf2 1,94 0,01002 Regulation of actin cytoskeleton
Actnl 2,22 0,03104 Regulation of actin cytoskeleton
Arhgef7 2,27 0,00285 Regulation of actin cytoskeleton
lggap3 2,39 0,01090 Regulation of actin cytoskeleton
Scin 2,62 0,02738 Regulation of actin cytoskeleton

Table 16 Excerpt of RNA-Seq results from WT HSC regenerated
on WNTb5a +/- background. With permission from Prof. RA
Oostendorp

A summary of the analyzed inhibitors, their concentrations, and the observed

effects is presented in Table 16.



BECN1  Spautin-1  0.03/0. adverse effects 5 Autophagy 0,5

1/0.2/0.
6/10
ARF6 SecinH3 0.8/2.4/ pLKO.1- 6 Endocytosis 1,59
# 5.4/7.2  shSfrp11
PLCE1 Edelfosine 1.0/2.5/ none 1 Phosphatidyl- 2,48
# 5.0/10 inositol
signaling
Pip5k1a ISA2011B 0.33/1. none 3 Regulation of 0,46
1/3.3 actin
cytoskeleton
DOCK2 CPYPP 0.91/4.  toxic on both 2 Regulation of 1,58
56/7.6/ CM actin
22.8/68 cytoskeleton

Table 17 List of analyzed small molecule inhibitors according to their mechanism of action, tested concentrations,

observed effect on HSCs in culture with either pLKO.1 or shSfrp1-CM, number of experiments and pathway.

# not specific for the gene

4.7 BECN-1 inhibition with Spautin-1 had inconsistent effects on
maintenance of CD34- LSKs in single cell cultures

Spautin-1 is an autophagy inhibitor that destabilizes Becn1 through the
deubiquitination and inhibition of enzymes USP10 and USP13 (Liu et al., 2011).
Becn1 is downregulated in wildtype LSKs repopulated in a Wntba-deficient niche
(Table 15). Given that both WNT5a and SFRP1 influence autophagy through
interactions with the canonical Wnt pathway, we investigated whether inhibiting

autophagy in the presence and absence of SFRP1 yields distinct effects on HSCs.

In single-cell experiments, we added Spautin-1 at varying concentrations to the
pLKO.1-CM or shSfrp1-CM. A concentration of 0.03uM had no impact on survival,
proliferation, cell cycle recruitment, or progression (data not shown). When
Spautin-1 was administered at 0.1uM, on day 2, cell cycle progression was
significantly accelerated in both culture media. Percentages of wells with divided
cells increased from 20.67+3.0% for pLKO.1-CM to 57.3317.22% for
pLKO.1+Spautin 0.1uM -CM (p<0.05) and 10.341£3.40% vs. 55.34% for shSfrp1-
CM vs. shSfrp1+ Spautin 0.1uyM -CM (p<0.01) on day 2 (Fig.9C). At Spautin-1



concentrations of 0.2 and 0.6uM, the effects on HSC proliferation and cell cycle
in shSfrp7-CM became inconsistent, while unchanged in HSCs cultured in
pLKO.1-CM (Fig.9A). This inconsistency could be due to distinct effects of
Spautin-1 on different HSC subsets in a SFRP1-deficient environment. Spautin-1
concentrations of 10uM severely impaired proliferation, cell cycle entry, and
progression of HSCs in both CM environments, whithout impact on survival

(Fig.9D), probably due to potential toxicity at this concentration.
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Figure 9 Proliferation, cell cycle recruitment, division, survival and differentiation of
single CD34- SLAM cells on Spautin-1 supplemented SFRP1 sufficient and deficient
medium

D Percentage of wells containing at least one cell

E Percentage of lymphoid and myeloid cells, as well as SCA"" LSKs and Myeloid
Progenitors 6 days after culture of CD34° SLAM cells.

Closed white circles represent cells cultured in pLKO. 1-CM, closed black circles
represent cells cultured in shSfro1-CM. Closed blue circles represent cells cultured
in pLKO. 1-CM supplemented with Spautin-1, closed red circles represent cells
cultured in shSfrp1-CM supplemented with Spautin-1.



Regarding differentiation, we observed significantly fewer myeloid cells at
Spautin-1 concentrations of 0.6uM to the pLKO.7-CM (5.17£1.37% vs.
0.17+7.44%, p<0.05, Fig. 9E).

In summary, the experiments with Spautin-1 yielded inconsistent effects on HSCs
cultured in shSfrp7-CM at concentrations of 0.1-0.6uM, with the only stable
observation being a reduction in myeloid cells cultured in both CM at a
concentration of 0.6uM. We discontinued our investigation into Spautin-1 due to

the lack of robustly reproducable effects. The number of experiments conducted
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Figure 9 Proliferation, cell cycle recruitment, division, survival and differentiation of single
CD34- SLAM cells on Spautin-1 supplemented SFRP1 sufficient and deficient medium

A Microscopically evaluated mean clone size of CD34" SLAM cells cultured in
pLKO.1 or shSfrp1 conditioned medium (left) with different concentrations of
Spautin-1.

B Mean hours elapsed from spotting more than 1 cell in each well

C Percentage of wells with two or more cells up to 6 days after culture

Closed white circles represent cells cultured in pLKO. 1-CM, closed black circles
represent cells cultured in shSfro1-CM. Closed blue circles represent cells cultured
in pLKO. 1-CM supplemented with Spautin-1, closed red circles represent cells
cultured in shSfrp1-CM supplemented with Spautin-1.



for the individual concentrations was limited; the experimental design however

was intended as a screening method and was, therefore, feasible.

4.8 Arf6 Inhibition with SecinH3 enhanced proliferation of CD34- LSKs in
the absence of Sfrp1

Arf6 is a small GTPase that facilitates the internalization of cell surface receptors
and membrane components. It was upregulated by a 1.59-fold in WT LSKs in a
Whntb5a-haploinsufficient niche (Table 15).

A direct signaling pathway between Whnt5a and Arf6 has not yet been explored.
But it's worth noting that both play a crucial role in regulating membrane dynamics
and vesicular trafficking. Furthermore, both regulate cell motility and migration.
Although at the beginning of this thesis it was unknown, transplantation
experiments of early hematopoietic stem cells with a Cytohesin 1 knockdown led
to severe impairment of long-term engraftment through defects in homing and cell
motility (Rak et al., 2017).

SecinH3 is a small molecule inhibitor that selectively targets the small GTPase
ARFG6 by inhibiting its guanine exchange factors (GEFs), CYTOHESIN1 (CYTH1)
and CYTOHESINZ2 (CYTH2). The reported IC50 values are 2.4 uyM for CYTH1
and 5.6uM for CYTHZ2, (Hafner et al., 2006).

We examined the effect of SecinH3 at three concentrations: 0.8uM, 2.4uM, and
7.2uM. In all concentrations, SecinH3 rescued the reduced proliferation of HSCs
in the shSfrp7-CM and at concentrations of 2.4uM and 7.2uM, proliferation of
HSCs in shSfrp1-SecinH3-CM significantly increased compared to HSCs in
pLKO.1-CM (Fig. 10A). The increase in proliferation was probably caused by
faster cell cycle progression on days 2 and 3 (mean percentage of wells with
divided cells on day 3: 33.88+4.34% for shSfrp1-CM vs. 54.4414.44% for
shSfrp1+SecinH3 2.4uM-CM, p<0.05, Fig. 10C).
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Figure 10 Proliferation, cell cycle recruitment, division, survival and differentiation of
single CD34- SLAM cells on SecinH3 supplemented medium in SFRP1 sufficient and
deficient environment

A Microscopically evaluated mean clone size of CD34" SLAM cells
cultured in pLKO. 1 or shSfrp1 conditioned medium (left) with different
concentrations of SecinH3.

B Mean hours elapsed from spotting more than 1 cell in each well

C Percentage of wells with two or more cells up to 6 days after culture
Closed white circles represent cells cultured in pLKO. 1-CM, closed
black circles represent cells cultured in shSfrp1-CM. Closed green
circles represent cells cultured in pLKO. 1-CM supplemented with
SecinH3, closed lilac circles represent cells cultured in shSfrp1-CM
supplemented with SecinH3.

Interestingly, SecinH3 had no effect on HSCs in pLKO.7-CM on any day (mean
percentage of wells with divided cells on day 3: 48.89+7.29% for pLKO.1-CM vs.
39.45+2.42% for pLKO.1+SecinH3 2.4uM-CM). Whilst a similar trend was
observed with 7.2uM, the limited number of experiments prevented statistical

confirmation of this finding.
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Figure 10 Proliferation, cell cycle recruitment, division, survival and differentiation of single
CD34- SLAM cells on SecinH3 supplemented medium in SFRP1 sufficient and deficient
environment

D Microscopically evaluated mean clone size of CD34- SLAM cells cultured in
pLKO.1 or shSfrp1 conditioned medium.

E Percentage of lymphoid and myeloid cells, as well as SCA"9" LSKs and

Myeloid Progenitors 6 days after culture of CD34" SLAM cells.

F Percentage of live (Annexin'PI") and apoptotic (Annexin*PI") LSKs and MPs after 2
days culture with 2.4umol SecinH3

Closed white circles represent cells cultured in pLKO. 1-CM, closed black circles
represent cells cultured in shSfrp1-CM. Closed green circles represent cells cultured
in pLKO. 1-CM supplemented with SecinH3, closed lilac circles represent cells
cultured in shSfrp1-CM supplemented with SecinH3

SecinH3 also had no impact on cell survival, apoptosis (only tested for

concentrations of 2.4pmol), or differentiation (Fig. 10D-F).



To summarize, SecinH3 stimulated HSC proliferation in a SFRP1-deficient
environment. Partly, proliferation exceeded the observed proliferation rate in the
SFRP1-intact control. SecinH3 had no effect on proliferation, cell cycle entry and
progression, survival, or differentiation in HSCs cultured in the control-CM. This
suggests that the absence of SFRP1 during Arf6 inhibition likely contributed to
this phenotype.

4.9 Other tested inhibitors

We tested other small molecule inhibitors.

4.9.1 DOCKZ2 inhibition with CPYPP

Dedicator of cytokinesis 2 is expressed both in early hematopoietic stem cells and
in lymphopoiesis. DOCK is a GEF that activates Rac-GTPases and is involved in
regulation of the actin cytoskeleton, mainly in cell adhesion and migration. Steady
state hematopoiesis is normal in Dock2’- mice, and also HSC engraftment and
self-renewal have been shown to be unimpaired in serial transplantation
experiments (Kikuchi et al., 2008). CPYPP (6-chloro-N-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-3-pyridinamin) is a small molecule inhibitor that
selectively binds to DOCK2 and inhibits Rac-activiation. The previously described
IC50 of the CPYPP is 22.8 ymol. In in-vitro assays, it inhibited migration and
homing of lymphocytes (Nishikimi et al., 2012).

However, CPYPP did not show any effect on proliferation, survival or
differentiation on HSC fate in the smallest concentration of 0.91 uymol in neither
pLKO.1 nor shSfrp1 medium, whilst highly impairing proliferation and survival of
HSCs in both CM from concentrations of 4.56 umol or higher, most likely due to

toxicity (see Table 16, data not shown).

4.9.2 Pip5K1a Inhibition with ISA2011B

Phosphatidylinositol-4-phosphate 5-kinase type 1 alpha is an enzyme that
catalyzes the phosphorylation of Phosphatidylinositol 4 phosphate (PIP4) to



phosphatidylinositol 4,5 biphosphate (PIP2). PIP2 regulates the actin cytoskeleton
as well as endocytosis and membrane trafficking. It also plays a role in PISK/AKT

signaling, which regulates proliferation and survival.

PIP5K1A has not yet been investigated in primitive hematopoietic stem cells.
ISA2011B was developed as a selective Inhibitor for PIP5K1A a in prostate cancer
research. Here, overexpression of PIP5SK1A was found to be associated with a
worse prognosis. ISA2011B induced apoptosis and reduced invasion (Semenas
et al., 2014).

Furthermore, inhibitory effects of the small molecule inhibitor ISA2011B on T-cell
functions have also been described (Kunkl et al., 2017). ISA2011B did not affect
proliferation, differentiation or survival in CD34- SLAM cells. This could, however,
be due to the relatively low concentration of ISA2011B used in the single cell
assays compared to concentrations of 10 ymol that had been used in the in vitro

assays previously described.

4.9.3 PLCET1 inhibition with Edelfosine

Phospholipase C epsilon 1 is an enzyme of the Phospholipase C family. It
catalyzes the hydrolyzation of phospholipids in the cell membrane, mainly PIP2
into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 and DAG are
second messengers and required in various cellular processes like metabolism,
cell survival and proliferation. PLCE1 is overexpressed in many solid cancers like
esophageal squamous cell carcinoma, hepatocellular carcinoma and colorectal
carcinoma (Chen et al., 2021; Wang et al., 2020). In regard to hematopoiesis,
PLCE1 is an effector of Ras and leads to activation of CD4+ T-cells (Czyzyk et
al., 2003), while its role in hematopoietic stem cells has not been investigated.
Edelfosine (ET-18-OCHs) is a PLC inhibitor (Lippman & Hong, 1991) and had
proapoptotic effects in solid cancers, lymphomas and leukemias (Mollinedo et al.,
2010). However, it did not affect proliferation, differentiation or survival in ESLAM

cells.



5. Discussion

5.1. Cathepsin K

In the first part of this thesis, we explored the impact of stromal CTSK on
hematopoiesis in vitro and compared it with reanalyzed data from in vivo

experiments.

We show that CTSK regulates proliferation of long-term HSCs cultured in stromal
conditioned medium in vitro. Ctsk knockdown in stromal cells impairs their ability
to maintain proliferation and function of early hematopoietic cells. This results in
smaller populations with a tendency to myeloid skewing. Lymphopoiesis was not
impaired in terms of B-cell numbers. From our experience with the single cell
assay, maintenance and proliferation of T- lymphocytes in this assay is generally

limited, thus, in vitro, the effect of CTSK could not be accounted for.

CTSK is a protease that cleaves collagen and stem cell factor, two secreted
factors that play an essential role in the maintenance of early hematopoietic stem
cells in culture conditions (Kollet et al., 2006; Wohrer et al., 2014). Through
cleavage of these, it seems plausible for CTSK to modulate HSC behavior. Also,
CXCL12 and Osteopontin are known substrates for CTSK (Kollet et al., 2006).
Therefore, a secretome analysis could provide valuable insights into the relevant

CTSK substrates necessary for the maintenance of hematopoiesis in vitro.

In contrast to our in vitro findings, in vivo, the loss of CTSK was dispensable for
early hematopoiesis or myelopoiesis. Interestingly, alterations of lymphopoiesis in
various hematopoietic compartments were observed. Our findings are in
accordance with data that show that Osteolineage cells maintain lymphopoiesis

as CTSK is secreted by osteoclasts.

Our results demonstrate, that cell-extrinsic CTSK regulates both, B- and T-cell
repopulation, particularly in the bone marrow and less pronounced in other
lymphatic compartments. Our findings match previous experiments by Jardon-

Alvarez from our group, who found a reduction of donor bone marrow CD3¢*- T-



lymphocytes and LSKs after transplantation of Lin™ cells that had been co-cultured
on UG261B6- shCtsk stroma into wildtype recipients (Jardon-Alvarez, 2016).
These results confirm an impairment of early hematopoietic function observed in
vitro. Whilst CTSK seems to be redundant for HSC maintenance in vivo, there is

no compensation for the reduced fraction of CD3¢*- T- lymphocytes.

The loss of cell-intrinsic CTSK nearly exceptionally affects the small CD3¢™ T-
lymphocytic bone marrow compartment. This finding is consistent among 4
different experimental settings and most importantly, apparent in steady — state
and transplantation conditions that mimic hematopoietic stress. While the role of
the CD3¢* T-lymphocyte compartment in the bone marrow has not completely
been understood, a small subset of FoxP3™* T- regulatory cells has been implicated
in maintaining HSC quiescence in the bone marrow niche (Hirata et al., 2018).
Interestingly, FoxP3" T- regulatory cells deficient in CTSK have been

demonstrated to be more potent in suppressing T effector cells (Zhou et al., 2017).

The reduced peripheral engraftment observed in the intrinsic transplantation
experiments is most likely due to the reduced absolute number of B- cells across

all examined hematopoietic tissues (Hausinger et al., 2021).

The contrast between the necessity of CTSK in vitro and its abundance in vivo
may be explained as follows: In UG261B6 cells, CTSK was — among other
Cathepsins — the only Cathepsin overexpressed compared to HSC-non-
supporting cell lines (Buckley et al., 2011; Oostendorp et al., 2005). Firstly, this
unique expression profile is likely to account for the observations in vitro.
Secondly, in vivo, Ctsk expression is highest in osteoclasts followed by
mesenchymal bone marrow niche cells and endothelial cells as well as to a lesser
extent in myeloid cells. These cells could compensate for the absent CTSK in
stromal cells, a context, that our single cell model and the co-cultures do not
depict. Furthermore, there might be a redundancy in HSC regulation by the other
Cathepsins Z and S (Bararia et al., 2020; Dera et al., 2019; Rauner et al., 2014).
Cathepsin Z is predominantly expressed and secreted by myeloid cells and

Cathepsin S by antigen presenting cells. Due to their high structural similarity to



CTSK (Vizovisek et al., 2019), they might compensate for the loss of CTSK in
vivo: Staudt et al. for example found that CTSZ secreted by human osteoblasts
and stromal cells is able to cleave CXCL12, and reduces cellular adhesion
between early HSC and osteoblasts in culture (Staudt et al., 2010), whilst also
CTSB and CTSL were able to cleave CXCL12 (Perisic Nanut et al., 2021; Staudt
et al., 2012). Research on CTSK focuses on metastatic bone disease (Jiang et
al., 2021; Song et al., 2023) and osteoporosis. Research on the impact of CTSK
on hematopoietic processes remains scarce (Perisic Nanut et al., 2021).
However, our data and those from others investigating CTSK in autoimmunity
(Asagiri et al., 2008) indicate immune-regulatory functions. Within the context of
the hematopoietic niche, further examination of CTSK and other cathepsins in
pathologies like myeloproliferative disorders that display defects in the

communication between the hematopoietic niche and HSCs might be interesting.

5.2. Secreted frizzled- related protein 1

The second research question concerned SFRP1 and its potential interaction with
the WNT pathway. Previous RNA sequencing of wildtype LSKs repopulated in a
Wnt5a* niche had revealed dysfunctional expression of genes involved in various
molecular pathways. For some of them, existing small molecule inhibitors were

found and examined for potential impact on the fate of early HSCs.

In single cell experiments with CD34" SLAM cells cultured on Sfrp1- knockdown
stroma reduced clone size and diminished cell cycle recruitment were observed.
Additionally, the number of B220* cells was consistently reduced in the absence
of SFRP1, while early hematopoiesis showed a trend towards myeloid skewing.
Malhotra et al. demonstrated that the presence of extrinsic WNT3A in co-culture
experiments with primitive HSCs suppresses B-lymphopoiesis in vitro, whilst
extrinsic  WNT5A augments B-lymphopoiesis (Malhotra et al., 2008). In
accordance with these findings, single cell cultures with shSfrp7- conditioned
medium exhibit the canonical WNT phenotype. It would have been informative to

conduct immunofluorescence analysis of the LSK and stain for 3-Catenin and



WNT3a to confirm increased canonical WNT and for WNT5a and Actin to evaluate

for potential inhibition.

In recent experiments, Hettler et al. demonstrated that single-cell cultures with LT-
HSCs from OS1%2 mice failing to express SFRP1 specifically in osteoblasts,
similarly show decreased clone sizes. Furthermore, proportions of LSK and MP
cells were diminished. In immunofluorescence staining, enhanced 3-catenin/p300
signaling was found in LT-HSCs (Hettler et al., 2023).

Based on the results of a gene expression analysis of LSKs regenerated in a
WNT5A-haploinsufficient niche, we identified several small molecule inhibitors
and screened them for effects on LSKs in both SFRP1-knockdown and control
conditioned media. An MTT assay was not performed due to the large number of
LSKs required for a successful test. Instead, concentrations around the published

IC50 values were used in the single-cell assay.
We investigated several small molecule inhibitors.

Spautin-1, a BECN1 inhibitor of autophagy, had inconsistent effects on CD34-
SLAM cells cultured in both SFRP1-knockdown and control media. Although cell
cycle progression was accelerated on days 2 and 3 after culture in both media,
the proliferation of CD34- SLAM cells in SFRP1-knockdown conditioned medium
either increased or decreased with Spautin-1. Additionally, Spautin-1 significantly
reduced differentiation into myeloid progenitors in both media. No selective effects
on LSKs in either conditioned medium were observed. Due to inconsistencies in
multiple experiments with concentrations ranging from 0.03 pM to 10 uM, we
conclude that Spautin-1 does not have consistent selective effects on early

hematopoietic stem cells in either conditioned medium.

Next, we investigated the effects of ARF6 inhibition on CD34- SLAM cells. ARF6
regulates actin cytoskeleton remodeling (Singh et al., 2020), adhesion and
endocytosis. It is activated by its guanine nucleotide exchange factors (GEFs)
CYTH1 and CYTH2. Although the role of ARF6 in early hematopoiesis has not



been studied in depth, knockdown of CYTH1 in early HSCs impaired long-term
engraftment severely due to defects in homing and cell motility (Rak et al., 2017).
Additionally, ARF6 regulates cytoskeletal rearrangement in platelets and

neutrophil polarization (Choi et al., 2006; Ren et al., 2020).

The cytohesin-inhibitor SecinH3 selectively stimulated the proliferation of CD34-
SLAM cells by rescuing cell cycle entry in CD34- SLAM cells in shSfrp1-CM, while
having no effect on cells in pLKO.1-CM. Therefore, significantly larger cell clones
from day 3 on at concentrations between 2.4 and 7.2 uM were apparent. SecinH3
did not affect differentiation of early HSCs. These results were consistent across
multiple experiments, suggesting that inhibition of ARF6 rescues the proliferation

of early hematopoietic stem cells in an SFRP1-deficient microenvironment.

This finding is noteworthy because the impairment in hematopoiesis observed in
the absence of ARF6 or CYTH1 has been attributed to defects in adhesion and
migration. Our results show that ARF6 also plays a role in the proliferation of early
hematopoietic stem cells. Further literature research revealed new evidence
indicating that in Drosophila wing development, ARF6 is involved upstream in
canonical WNT-signaling by redistributing junctional B-Catenin to the cytoplasm
but also downstream of the canonical WNT pathway (Marcetteau et al., 2021).
ARF6 may regulate canonical WNT signaling by modulating Pangolin -
the Drosophila homolog of TCF1, which is a transcription factor in mice that

induces the expression of WNT target genes when bound to p-Catenin.

Considering our findings, ARF6 inhibition may potentially inhibit canonical WNT
signaling, that is upregulated in culture of LT-HSC on shSfrp1-CM.

To conclude, we identify ARF6 as a potential player in the WNT pathway in early
hematopoietic stem cells. Investigating canonical and non-canonical WNT
components by immunofluorescence would have been valuable to verify our
results. However, the time-consuming and costly nature of screening multiple

small molecule inhibitors precluded this. Also, migration and adhesion assays



would have been interesting. Given the new evidence supporting our findings,

further investigation into the effects of ARF6 on early hematopoiesis is warranted.

Epigenetic silencing of Sfrp1 and overactivation of WNT/B-Catenin signaling plays
an important role in hematologic diseases like acute myeloid leukemia (AML), in
acute lymphoblastic leukemia (ALL) and chronic lymphocytic leukemia (CLL).
Especially in AML, suppression of Sfrp1 and other WNT inhibitors (Elyamany et
al., 2023) is evident and associated with a worse prognosis. Several WNT-
inhibitors have been developed and tested in hematologic and solid malignancies;
however, their limiting factor remains high therapy-associated toxicity, often
expanding from nausea, fatigue and headache to hemorrhage, bone marrow
toxicity and fractures (de Pellegars-Malhortie et al., 2024). Therefore, no WNT-
inhibitor has been clinically approved to date. As WNT-signaling is involved in
homeostasis of various healthy tissues, selective suppression of WNT-signaling
in malignant cells is a major challenge. Further characterization of potential WNT

players and their related drugs is necessary.



6. Summary

We demonstrate, that CTSK is required for optimal HSC maintenance and
differentiation in vitro. In vivo, autonomous and non- autonomous CTSK is
abundant for hematopoiesis, but indispensable for the maintenance of bone
marrow T- lymphocytes in steady-state hematopoiesis and under hematopoietic

stress.

Further, absence of SFRP1 in vitro induces a canonical WNT-like phenotype in
CD34- SLAM cells with impaired cell cycle recruitment, fewer B220* cells and a

trend toward myeloid skewing.

ARF6 inhibition with the small molecule inhibitor SecinH3 enhances CD34- SLAM
cell proliferation in Sfrp71-knockdown cultures compared to controls. This may be
caused by ARF6 involvement in canonical WNT signaling in early hematopoietic

stem cells.
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