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Summary

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid. It plays a crucial role in bone
development and homeostasis. Despite its recognized impact on these processes, the
understanding of its therapeutic potential for bone strengthening remains incomplete. This
study explored the role of S1P in bone anabolic therapy. To assess the effect of S1P
signaling on bone regeneration, S1P levels were elevated in vivo through pharmacological
inhibition or genetic deletion of the enzyme responsible for S1P degradation, the S1P
lyase. Specific receptor knockout animals were used to understand distinct mechanisms
influenced by S1P. In addition, several in vitro experiments were performed to reveal the
involvement of osteoblasts and bone marrow endothelial cells.

This study demonstrated that S1P increased trabecular bone formation and cortical
strengthening. Trabecular bone formation was shown to be dependent on S1P receptor
3 (S1PR3). S1P/S1PR3 signaling was identified to act in two distinct ways: Firstly,
S1P stimulated the production of Vascular Endothelial Growth Factor A (VEGFa) in
osteoblasts through S1PR3 activation, intrinsically enhancing the mineralization of these
cells. Secondly, S1P/S1PR3 signaling triggered the formation of a pro-osteogenic vessel
phenotype within the bone, the H-type vessels. Subsequently, an increase in trabecular
bone volume was observed. Additionally, S1PR2 contributed to the formation of cortical
bone, as proven by cortical thickening and increased bone strength after S1P lyase
inhibition. The deletion of S1PR2 prevented these changes. This mechanism was found to
be VEGFa and vessel-independent. Pharmacological S1P lyase inhibition was evaluated
in a mouse model of post-traumatic osteomyelitis to validate these effects in a bone defect
model. This treatment enhanced the bone healing capacity and increased vascular invasion
at the defect site linked to S1PR83 signaling. Human bone samples displaying an increase in
bone volume after cultivation with the S1P lyase inhibitor further confirmed the translational
relevance of these findings.

In summary, this study identified two distinct mechanisms of S1P signaling that influence
the bone formation capacity in bone regeneration and healing. These mechanisms of
S1P signaling have been identified as potent inducers of both cortical and trabecular bone
regeneration. The findings provide a new basis for potential treatment options for bone

anabolic therapy, particularly in conditions such as osteoporosis and bone healing.



Zusammenfassung

Sphingosine-1-Phosphat (S1P), ein bioaktives Sphingolipid, spielt eine wichtige Rolle in der
Knochenentwicklung und -homéostase. Obwohl die Wirkung von S1P in diesen Prozessen
bereits vielfaltig untersucht wurde, ist die Auswirkung von S1P auf die Knochenregeneration
noch nicht in Ganze erforscht. Ziel dieser Studie war es, die Wirkung von S1P als mégliche
anabole Therapie in der Knochenregeneration zu untersuchen. Um den S1P-Spiegel
in vivo zu erhdéhen, wurde die S1P Lyase, das Enzym, welches den Abbau von S1P
katalysiert, pharmakologisch gehemmt oder genetisch deletiert. Dadurch stiegen die
globalen und lokalen S1P-Spiegel an. Die genauen Auswirkungen dieser S1P Erhéhung
wurden mithilfe von S1P-Rezeptor deletierten Mausen untersucht. Dartber hinaus wurde
die Beteiligung bestimmter im Knochen vorkommender Zelltypen an diesen Prozessen
durch Kultivierungsexperimente mit Osteoblasten und Endothelzellen des Knochenmarks
naher untersucht.

Durch die globale Erhéhung des S1P-Spiegels in vivo wurde das Knochenvolumen sowohl
in den Trabekeln als auch in der Kortikalis erhéht. Der Sphingosine-1-Phosphat-Rezeptor 3
(S1PR3) spielte eine wichtige Rolle bei der Erhéhung des Volumens der Trabekelknochen.
Er ist auf zwei Arten an der Knochenbildung beteiligt: Einerseits wurde durch die
Aktivierung des S1PR3 in Osteoblasten die Produktion des vaskularen endothelialen
Wachstumsfaktors A (VEGFa) angeregt. VEGFa aktivierte intrinsisch die Mineralisierung
der Osteoblasten. Andererseits regeten S1P/S1PR3-Signale die Bildung von spezifischen,
pro-osteogenen H-Type BlutgefaBen im Knochen an. Dieses steigerte die trabekulare
Knochenbildung. Zusatzlich wurde eine Beteiligung des S1PR2 an der Bildung von
kortikalem Knochen identifiziert.  Die Aktivierung von S1P/S1PR2 flhrte zu einer
Verdickung des kortikalen Knochens und zu einer Erhéhung der Stabilitdt. Dieser
Mechanismus war unabhangig von VEGFa-Signalen und von den im Knochen enthaltenen
BlutgefaBen. Um die neuen Erkenntnisse Uber die Regulation von S1P im Knochen
in einem weiteren Modell zu Uberprifen, wurde der S1P-Spiegel in einem Modell der
post-traumatischen Osteomyelitis durch Hemmung der S1P Lyase erhéht. Dieses Modell
zeichnet sich durch nach einem Knochenbruch entstehende Entziindungsreaktionen aus.
Es konnte ein Effekt auf die Knochenregeneration und -heilung bestatigt werden, der

von S1PR3 abhéngig war. AuBerdem wurde eine S1PR3 anhéngige erhdhte Invasion



von Endothelzellen in den Knochendefekt gezeigt. Die Ergebnisse wurden durch die
Kultivierung von menschlichen Knochenproben bestatigt, bei denen ebenfalls ein Anstieg
des Knochenvolumens durch die Hemmung der S1P Lyase festgestellt wurde.

Zusammenfassend lasst sich sagen, dass in dieser Studie zwei unabh&ngige Mechanismen
identifiziert wurden, in denen S1P die Knochenbildung und -regeneration anregt. Diese
Mechanismen wirten sowohl auf das Wachstum der Trabekel, als auch auf die Kortikalis.
Diese Erkenntnisse erdffnen neue Perspektiven und kénnen fir die Entwicklung potenzieller
therapeutischer Interventionen zur anabolen Knochenbehandlung von Bedeutung sein,

insbesondere bei Bedingungen wie Osteoporose und Knochenheilung.
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Introduction

1 Introduction

1.1 Sphingolipids

Sphingolipids are one of the primary classes of eukaryotic lipids and were initially described
by J.W.L. Thudichum in the late 19th century.® Thudichum successfully identified this
lipid class in the human brain and differentiated its characteristic structure from other
known lipids.* A common building block of all sphingolipids is a long chain base, mostly
sphingosine or sphinganine. An amide bond to the C2 atom allows the binding of a fatty
acid differing from C14 to C32 in length and saturation. A head group, such as phosphate
or glucose, can be bound to the C1 atom.® This broad range of combinations allows for a
vast array of sphingolipids, with approximately 5000 lipids documented to date.®

In the 1980s, the bioactive functions and involvement in cell structure and metabolism were
studied in detail.* These examinations led to the identification of three main functions of
sphingolipids. One is their significant role in the composition of the plasma membrane,
accounting for up to 30% of the total membrane lipids in the cell. Ceramide, sphingosine,
sphingosine-1-phosphate (S1P) and ceramide-1-phosphate have been demonstrated to
have bioactive functions and play a significant role in signal transduction and gene
regulation. In particular, S1P, which consists of a sphingosine chain and a phosphate
head group, has been extensively studied and is known to have bioactive functions in
the vasculature, immune system and nervous system.” Furthermore, sphingolipids are
involved in constructing lipid rafts, which cluster with sterols to form hubs for efficient signal

transduction.®®

1.1.1 The Sphingolipid Metabolism

De novo synthesis of sphingolipids occurs at the cytoplasmic domain of the endoplasmic
reticulum membrane (Figure 1)."° Serine and palmitoyl-CoA are condensed at this site
by the serin-palmitoyl-transferase to produce 3-keto-dihydrosphingosine.'” This product is
subsequently reduced to dihydrosphingosine by the 3-keto-dihydrosphingosine-reductase
and transformed into dihydroceramide.’® Ceramide, a key intermediate in sphingolipid
metabolism, is then formed by the desaturation of dihydroceramide by the dihydroceramide

reductase.'?
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Figure 1: Schematic overview of the sphingolipid pathway. De novo formation of ceramide, a key
intermediate, occurs in the endoplasmic reticulum. Ceramide is converted to sphingosine-1-phosphate (S1P)
or transported to the Golgi apparatus by ceramide transporter proteins (CERT). Here, it is converted to
sphingomyelin, which can be transported to the plasma membrane by vesicles and converted to S1P. The S1P
lyase ultimately degrades S1P into hexadecenal and phosphoethanolamine. Created with BioRender.com
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From this point, ceramide can follow either the salvage pathway, where it remains within
the endoplasmic reticulum, or be transferred to the Golgi lumen by the ceramide transfer
protein (CERT) before entering into the hydrolytic pathway.'®>  Within the hydrolytic
pathway, a phosphatidylcholine headgroup is transferred to the ceramide backbone.
This results in sphingomyelin formation in the Golgi lumen’s proximal region.'*' The
sphingomyelinase can reverse the aforementioned reaction whereby sphingomyelin is
cleaved into phosphatidylcholine and ceramide.'® Alternatively, sphingomyelin can be
transformed to sphingosine and S1P within the membrane.'”18

Ceramidases catalyze the removal of the N-acyl-linked fatty acid from ceramide, forming
sphingosine and releasing free fatty acids that are essential for the salvage pathway.'®
Five membrane-bound ceramidases have been identified, each with unique subcellular
localization and optimal reaction conditions. Acid ceramidase (ASAH1) is primarily present
in lysosomes and requires an acidic environment. Neutral ceramidase (ASAH2) is located
in mitochondrial membranes. In addition, there are three alkaline ceramidases (ACER)
that operate in high pH environments: ACER1 is localized in the endoplasmic reticulum,
ACER?2 in the Golgi apparatus and ACER3 in both the endoplasmic reticulum and Golgi.?°
Subsequently, one of two sphingosine kinases (SPHK1 and SPHK2) phosphorylated
sphingosine to produce S1P.2! Both sphingosine kinases exhibit redundant functions,
as genetic deletion of only one kinase does not result in a drastic reduction of S1P
levels or significant defects in different mouse models. However, simultaneous deletion
of both kinases results in a dramatic decrease in plasma S1P levels, coupled with a
severe phenotype and high lethality due to severe developmental hemorrhage.?? A closer
examination of these enzymes’ cellular and global distribution revealed differences in
their location and expression levels. SPHK1 is a cytosolic enzyme that translocates to
the plasma membrane in response to phorbol 12-myristate 13-acetate (PMA).224 |n
contrast, SPHK2 is mainly found in the nucleus and is exported to the cytoplasm upon
phosphorylation.?® During development, differences in expression patterns are evident,
with SPHK1 predominantly expressed until embryonic day E7, followed by a switch to
increased SPHK2 expression until embryonic day E17.26 In adult tissues, both kinases
are detectable with SPHK1 showing high expression in lung, liver and spleen and SPHK2
showing the highest expression in liver, heart, brain, testis and kidney.2”-2®

S1P is recycled into the sphingolipid pathway through the action of two distinct enzyme

classes: S1P phosphatases (SPPs) and lipid phosphate phosphatases (LPPs). SPPs
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dephosphorylate S1P back to sphingosine, with SPP1 being ubiquitously expressed
throughout the body, with the highest expression in the kidney and placenta and the lowest
in peripheral blood and small intestine. SPP2 expression is more organ-specific and is
found in brain, heart, colon, kidney, small intestine and lung.?® SPPs are membrane
proteins located predominantly in the endoplasmic reticulum.® In addition, LPPs (LPP1-3)
catalyze the dephosphorylation of S1P and other phospholipids, such as diacylglycerol
and lysophosphatidate, further emphasizing the complexity of the sphingolipid pathway.?’
Subsequently, sphingosine is transformed back into ceramide via CoA-dependent ceramide
synthases.®? These enzymes are primarily located in the endoplasmic reticulum with lesser
accumulation in mitochondrial membranes, microsomes and the Golgi apparatus.®® Six
ceramide synthases catalyze this reaction, each influencing the length of the N-acyl chain
attached to the backbone and thus the biological function of ceramide.3*

Alternatively, S1P is irreversibly degraded by the S1P lyase (SGPL1). The enzyme is
mainly associated with the endoplasmic reticulum membrane but is also found to some
extent in mitochondrial membranes.®® SGPL1 is the only enzyme responsible for this
irreversible degradation of S1P making it a key regulator of S1P levels. The enzyme
is expressed and active in various tissues with the highest expression in the kidney,
lungs, heart and brain.®® It catalyzes the cleavage of S1P between the C2 and C3
bond releasing phosphoethanolamine and 2-trans-hexadecenal.3” 2-trans-hexadecenal
has been shown to induce cellular responses including cytoskeletal rearrangements,
cell detachment and apoptosis.®® In addition, fatty aldehyde dehydrogenase (FALDH)
can convert 2-trans-hexadecenal to palmitic acid by reducing its double bond and
oxidizing the carbonyl group, allowing it to re-enter the sphingolipid pathway via
palmitoyl-CoA.*® Phosphoethanolamine activated by cytidine 5'-diphosphate forms
phosphatidylethanolamine (PE) by binding to diacylglycerol.*® PE is a phospholipid that is
abundant in plasma membranes and functions as a membrane anchor for several enzymes

involved in lipid metabolism and as a neurotransmitter.*’
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1.1.2 Sphingosine-1-Phosphate Homeostasis: Gradients, Cellular Efflux and

Carrier Proteins

S1P plays a central role in regulating numerous physiological and developmental
processes. In particular, the natural gradient of S1P is critical. While S1P levels in plasma
and lymph are relatively high in the micromolar (M) range, S1P levels in tissues and
other body fluids are only in the nanomolar (nM) range.*?>*® These gradients are essential
for normal physiological functions. Hematopoietic stem and progenitor cells migrate from
low S1P concentrations in extramedullary hematopoietic tissues to high S1P lymph.** In
addition, lymphocyte trafficking relies on this S1P gradient. Lymphocytes migrate from
relatively low-S1P concentrated lymphoid organs into the high-S1P bloodstream and
lymph.45:46

Building and maintaining this gradient is critical since many critical processes are regulated
by this S1P gradient. Three major cell types are responsible for the release of S1P.
Erythrocytes maintain and regulate plasma S1P levels. They can take up circulating S1P,
store it due to a lack of S1P-degrading enzymes and release it to maintain balanced
plasma S1P levels.*>4” When S1P export from these cells is blocked, plasma S1P levels
are drastically reduced by up to 50%.%® In addition, platelets store large amounts of S1P
and release it upon activation.*®°° Endothelial cells of various origins also contribute to
S1P levels.>=3

To establish the concentration gradient and enable its extracellular signaling functions, S1P
must be transported from the intracellular milieu of the cells where it is synthesized to the
extracellular space. Several transport mechanisms have been identified for this S1P efflux.
ATP-binding cassette (ABC) transporters are prominent facilitators of S1P efflux in various
cell types. Among these, ABCC1 has been extensively studied and found to be present
in numerous cell types. For example, Mitra et al. demonstrated ABCC1-mediated S1P
efflux in mast cells, as evidenced by reduced extracellular S1P levels following transporter
inhibition or downregulation using small interfering RNAs.>* Similar findings have been
reported in Langerhans cells,®® brain and spinal cord endothelial cells®® and fibroblasts.®’
Other ABC transporters involved in S1P transport include ABCG2%® and ABCA1.59:60
ABCAT1 has been implicated in S1P efflux from erythrocytes, with reduced efflux observed
upon inhibition by the transporter inhibitor glyburide.® Furthermore, ABCA1 has been

identified to play a role in S1P efflux from astrocytes, as evidenced by reduced efflux in
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ABCA1-deficient mice.5°

The transporter spinster homolog 2 (SPNS2) also has critical functions in S1P efflux.
Initially identified as an S1P transporter in zebrafish,®' its knockout results in a mutant
phenotype characterized by impaired heart development due to reduced extracellular
S1PR signaling.?? In mouse models, SPNS2 is primarily expressed in vascular endothelial
cells.®® lts knockout significantly reduces plasma S1P levels, ultimately leading to hearing
loss and abnormal retinal capillary formation.®364 Detailed studies have revealed a proton-
and sodium-independent transport mechanism for SPNS2 that relies on a central gating
mechanism with an opening and closing mechanism,® ultimately facilitating S1P efflux by
diffusion.®®

In contrast, the orphan major facilitator superfamily transporter 2b (MFSD2B) regulates
S1P efflux in erythrocytes and platelets through a proton gradient.*®%” The deficiency of
this transporter results in a decreased plasma S1P level of up to 54%, accompanied by
massive S1P accumulation within the cells.*® In addition, MFSD2B has been identified in
MEDEP-E14 erythroid cells.®® Due to their complementary functions, the knockout of both
SPNS2 and MFSD2B transporters is embryonic lethal, highlighting the necessity of proper
S1P efflux for vascular maturation, integrity and homeostasis.®® MFSD2B knockout mice
exhibit increased susceptibility to anaphylaxis, hemolysis, stress-induced erythropoiesis*®
and impaired platelet function and morphology due to reduced S1P efflux from platelets
and erythrocytes.”

Once secreted, S1P has a relatively short half-life of approximately 15 minutes.® During
this time, free extracellular S1P in plasma is dephosphorylated to sphingosine and
reabsorbed by cells.”" To ensure the stability of S1P in the bloodstream, it is transported
bound to specific carrier proteins. These so-called lipoproteins carry various lipid
components, such as cholesterol and triglycerides, ensuring their solubility and proper
transport. These proteins are classified into different types based on their composition and
size.”? Approximately 30% of S1P in the bloodstream is bound to albumin’’# and 70% of
S1P is associated with high-density lipoproteins (HDL) and low-density lipoproteins (LDL)
with the majority bound to HDL. 5% of HDL is bound to apolipoprotein M (ApoM), which is
essential for S1P binding, further highlighting the importance of HDL in S1P transport.”7®
Isolation of plasma HDL showed S1P content only in ApoM-containing plasma and not in
the ApoM-deficient HDL fraction. In addition, ApoM~/~ mice showed no HDL-bound S1P,

whereas ApoM overexpression led to an increase in HDL-bound S1P in mice.”” ApoM is
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expressed in liver hepatocytes and tubular epithelial cells of the kidney and is secreted into
circulation. During the development phase expression in these cell types increases until
strong expression and secretion are reached in adulthood.””

Different biological functions are observed depending on the chaperoning lipoprotein
bound to S1P. HDL-ApoM-bound S1P is associated with several biological functions,
including maintenance of endothelial cell barrier function,’® protection against ischemia,”®
inflammation and development of type 2 diabetes.®® In contrast, albumin-bound S1P is

associated with increased activation of Gi-coupled receptors and receptor endocytosis.?’

1.1.3 Sphingosine-1-Phosphate Receptor Signaling and Intracellular Pathways

S1P-Receptor Signaling

S1P signals extracellularly through five receptors that belong to the family of G
protein-coupled receptors (GPCRs).82 GPCRs demonstrate a definite structure comprising
seven transmembrane domains fused by three interhelical loops on each side of the
membrane, an extracellular amino-terminus and an intracellular N-terminus.®® Binding of
the ligand to the extracellular domain of the receptor results in conformational changes
on the intracellular side and binding of three subunits of G-proteins, «, 5 and ~, of which
the a-subunit is decisive for the triggered signaling pathway. Depending on the specific
receptor conformation, the coupling to one of the four G,,-subunits is triggered: G, Gi, Gq, or
Gi213.2* Upon binding of the heterotrimeric G-protein, the intracellularly bound guanosine
diphosphate (GDP) on the a-subunit is replaced by guanosine triphosphate (GTP), resulting
in receptor activation.®> Each of the five S1P receptors (S1PR) displays unique signaling
activity by binding to various subtypes of Ga proteins (Figure 2a). S1PR1 exclusively
associates with G;,%-8” while STPR2 and S1PR3 can signal through Gi, Gg, or Gigq3.%
S1PR4 signaling is mediated through the binding of Gi® and Giz13,%° similar to S1PR5
signaling. Depending on the bound G,-Subunits, different signaling pathways are activated
(Figure 2b). The Gj-subunits activate a wide range of signaling pathways. They can trigger
the activation of Mitogen-activated protein kinase (MAKP) through subsequent activation
of Ras and Raf. This activation, in turn, activates the Extracellular signal-regulated protein
kinases 1 and 2 (ERK1/2), ultimately controlling cell cycle and proliferation.®%%° Moreover,

either Rac1 or Akt signaling facilitated via Phosphoinositide-dependent kinase-1 (PDK1),
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Figure 2: Schematic overview of S1P receptors and the corresponding signaling cascades.(a) S1P
signaling is transduced through five G-protein coupled receptors, each associated with distinct G-protein

a-subunits. (b) Different signaling pathways are activated depending on the associated Ga-protein, resulting
in numerous effects on the cell. Created with BioRender.com
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is activated by Phosphoinositide 3-kinase (PI3K) phosphorylation, which additionally
affects the cell cycle and motility.?>% Both G; and G4 can activate Phospholipase C
(PLC). This causes phosphatidylinositol 4,5-bisphosphate (PIP2) to be cleave into inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Subsequently, cellular responses in
Ca** are enhanced, activating Protein kinase C (PKC). This pathway can influence gene
expression and subsequent signaling pathways.®%%29 Gy, activates the GTPase Rho,
which impacts the Rho-associated protein kinase (ROCK). The latter acts on cytoskeletal
remodeling, cell adhesion and cell maturation directly or through the Collapsin response

mediator protein (CRMP).92:94.95

Intracellular S1P Signaling

While S1P is known for its receptor-mediated signaling through GPCRs, it also triggers
receptor-independent signaling mechanisms as a second messenger. In the cytoplasm,
S1P binds to tumor necrosis factor-alpha (TNF«) receptor-associated factor 2 (TRAF2),
leading to ubiquitination of Receptor-interacting Protein 1 (RIP1) and subsequent
activation of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-xB) gene
expression.®®  This pathway is involved in the production of cathelicidin antimicrobial
peptide (CAMP), which suggests a role in innate immune responses. In addition, S1P
interacts with the heat shock proteins HSP90a and GRP94, highlighting its involvement in
stress responses.®” Cell survival is regulated by S1P-mediated activation of cytoplasmic
atypical protein kinase (aPKC), which suppresses apoptosis and promotes cell survival
in HelLa cells.® In endothelial cells, S1P binding to PGC1/3 activates peroxisome
proliferator-activated receptor gamma (PPAR~) signaling, which promotes tube formation
and vascular development.®®

Intracellular S1P also affects calcium signaling. In endothelial cells, the S1P-dependent
activation of PLC and IP3 leads to increased calcium influx and release from intracellular
stores.’® This mechanism triggered by photolysis of caged S1P has been observed
in several cell types including HEK293, HepG2 and SKNMC cells.'® In addition, S1P
activates calcium transporters such as Transient receptor potential canonical 6 (TRPC6)
in neuronal cells and TRPC5 in vascular smooth muscle cells, thereby increasing calcium
influx and cell motility.92 103

S1P is additionally present in the nucleus, binding to histone deacetylases (HDAC1, HDAC2
and HDAC3).1%41%5 This binding inhibits HDAC activity, increasing histone acetylation and

9
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gene regulation at the epigenetic level.'® S1P impacts the cell cycle control via p21
cyclin-dependent kinase expression, oxidative stress responses via NLRP3 expression
and cardiac regeneration in neonatal mice via increased cardiomyocyte proliferation.'¢ 107
Furthermore, reduced intracellular S1P levels achieved by deletion of SPHK2 impair
spatial memory and fear discrimination in mice.'®® S1P also stabilizes telomerase reverse
transcriptase (TERT) through phosphorylation, thereby promoting telomere stability and
cell proliferation, particularly in tumor cells. Decreasing cellular S1P levels by depleting
SPHK2 reduces TERT stability and leads to cell senescence. Thus, targeting S1P-TERT
binding may be a promising strategy for tumor therapy.'® Within mitochondria S1P binds
to prohibitin 2 (PHB2) to regulate mitochondrial assembly and function. Downregulation
of intracellular S1P by SPHK deletion impairs complex IV assembly leading to impaired
mitochondrial respiration.’® In ischemia-reperfusion models, S1P protects mitochondrial
function through PHB2 binding, demonstrating a cardioprotective role.'"

S1P signaling involves both intracellular and extracellular pathways and affects a wide
range of cellular mechanisms. Understanding these complex signaling networks is

essential for unraveling S1P’s diverse physiological and pathological roles.

1.1.4 Biological Functions of S1P in Physiology and Pathophysiology

S1P is a crucial bioactive lipid involved in immunity and inflammatory processes. The
S1P gradient between the thymus, secondary lymphoid organs, blood and lymphatic
fluid facilitates lymphocyte egress via S1PR1 with high circulating S1P levels driving this
migration.*® "2 S1PR5 is particularly important for natural killer (NK) cell recruitment from
lymph nodes and bone marrow. Stimulation of S1PR5 induces T-bet gene expression,
which promotes cell egress.!''® Maintaining a proper S1P gradient is essential for immune
function, as disrupting the S1P gradient can lead to immunosuppression.*® Building on
S1P’s role in immune cell migration, its influence extends to cytokine expression and
leukocyte recruitment, further highlighting its importance in immune responses. S1P
influences the production of the pro-inflammatory cytokine interleukin-8 (IL-8), which
enhances the chemotaxis of neutrophils."* The recruitment of leukocytes to organs is
mediated by the S1P/S1PR3 signaling pathway in a P-selectin-dependent manner.'%

This involvement in immunity and inflammation makes S1P a target for multiple sclerosis
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(MS), a disease characterized by lymphocyte infiltration into the central nervous system.
Four S1P receptor-modulating treatments are currently approved for MS therapy.'"®
Fingolimod (FTY720), a modulator of S1PR1, S1PR3, S1PR4 and S1PR5 has been
shown to prevent lymphocyte egress through S1PR1 internalization, which correlates to
reduced lesion formation and relapse rates in MS."'%"'8 Other approved treatments with
similar efficacies in reducing MS relapses include the STPR1 and S1PR5 modulating
agents siponimod''® and ozanimod'?®'2! and the S1PR1 modulating agent ponsimod.'?
While the therapeutic potential of S1P receptor modulation in MS is well established, its
involvement in neurodegenerative diseases like Alzheimer’s disease further demonstrates
the broad physiological effects of S1P. In neuronal cells, elevated levels of S1P are
associated with Alzheimer’s disease. S1P interacts with the beta-site amyloid precursor
protein cleaving enzyme (BACE1) leading to the accumulation of amyloid-beta plaques.
High levels of S1P interfere with the breakdown of precursor proteins and contribute to
disease progression.'23124

Beyond its neurodegenerative implications, S1P’s role in cardiovascular health, particularly
atherosclerotic lesion development, reveals its multiple pathological relevance. S1PR3
influences atherosclerotic lesion formation, as demonstrated in an ApoE ~/~ atherosclerosis
mouse model where receptor deletion increased lesion formation.'® FTY720 has been
proposed as an effective treatment that significantly reduces atherosclerotic lesion volume
and macrophage recruitment.’® Modulating macrophage and lymphocyte function by
S1P and S1PR modulation may attenuate pro-inflammatory processes.'?” In a related
cardiovascular context research on coronary artery disease (CAD) demonstrates the
importance of S1P, particularly when bound to HDL. Higher levels of HDL-bound S1P
correlated with milder forms of the disease compared to severe phenotypes with low
S1P-HDL levels.'?®

HDL-S1P concentrations also play a central role in ischemic heart disease. Inverse
correlations between S1P-HDL concentrations and the incidence of ischemic heart disease
suggest a protective role for HDL-bound S1P.'?® Higher S1P levels are associated with
better left ventricular ejection fraction and reduced dyspnea suggesting protection against
adverse pathophysiological phenotypes.’™® Elevated S1P levels also have a protective
effect against ischemia-reperfusion injury. However, decreased S1P levels are observed
for up to two years after infarction.3"132

The impact of S1P is not limited to acquired conditions: genetic disorders related to
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S1P levels, such as sphingosine phosphate lyase insufficiency syndrome (SPLIS), are
characterized by mutations that affect S1P lyase function. This leads to accumulation
of S1P."% Symptoms range from impaired motor function and muscle weakness'® to
adrenal calcification™* and congenital nephrotic syndrome.'*13¢ A similar phenotype
has been observed in Sgp/7~/~ mice making this a promising model to study processes
during SPLIS and other conditions related to S1P dysregulation.® Anti-S1P monoclonal
antibodies counteract these high levels of S1P, reducing lymphocyte trafficking and
angiogenesis, suggesting potential treatments for S1P-related diseases.'™’ In addition,
Sgpl1 gene replacement via gene therapy is showing promising effects. Incorporation of
human Sgpl1 into the Sgp/1~/~ mouse model using adeno-associated virus 9 successfully
reduced S1P levels and symptoms. This highlights gene therapy as a possible successful
future treatment.’® The following sections will discuss the involvement of S1P in vascular

and bone processes in more detail.

1.2 Blood Vessels

Highly organized and branched blood vessels constitute a system in the body that ensures
the transportation of oxygen and nutrients throughout the body, supporting normal organ
function and maintaining homeostasis. Consequently, waste products are cleared from
the tissues.'® Blood vessels consist of a thin layer of closely connected endothelial cells
(ECs) forming the lumen. A basement membrane supports the vascular system and
larger vessels are further reinforced with mural cells, including pericytes or smooth muscle
Ce||3.140’141

Depending on the microenvironment and specific organ, ECs exhibit unique traits that
affect their molecular pattern and function. This heterogeneity enables them to influence
neighboring cells and thus organ-specific processes.'®®'42 In particular, the secretion
of angiocrine growth factors plays an essential role in actively regulating organ-specific

141

processes. Therefore, the dysregulation of the vasculature can lead to various

pathologies, such as cancer, inflammation or osteoporosis.'4°
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1.2.1 Vascular Development: Vasculogenesis and Angiogenesis

De novo formation of the vasculature, also known as vasculogenesis, begins as early
as embryonic day E7. A blood island, composed of endothelial and hematopoietic cells
derived from mesodermal cells, develops in close proximity to the endoderm of the yolk sac
(Figure 3a). A primary capillary network arises from this structure.'**'%> The maturation
process of pre-existing vessels begins with the formation of an endothelial monolayer.
Subsequently, a basement membrane and mural cell coverage are arranged until the
vasculature reaches its quiescent state. #6147

Remodeling of the pre-existing vasculature occurs through sprouting angiogenesis (Figure
3b)."*® After matrix degradation and loss of mural cell coverage, a tip cell forms, projecting
filopodia that facilitate migration into surrounding tissue and influence EC behavior.
Through migration, a new sprouting vessel is formed. This newly formed vessel is
constructed by stalk cells’® with blood flow resulting in lumen introduction to the new
sprout.”® Once the sprout is established, it is secured by forming the basement membrane
and mural cell coverage. Subsequently, ECs achieve quiescence again.'®"

Several signaling pathways and factors are involved in vasculogenesis, angiogenesis and
vascular quiescence, including vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF) and Notch signaling.'#® 46 The roles of S1P and VEGF signaling are

further discussed in detail below.

1.2.2 S1P Signaling: Implications in Vascular Development and Function

S1P plays a significant role in the process of angiogenesis and vascular development.
Identified initially as endothelial differentiation genes (Edg), S1P receptors are associated
with the ability to stimulate the formation of vessel-like structures in ECs."® During the
developmental phase S1PR1 plays a key role, as evidenced by embryonic lethality and
severe vascular malformations in mice lacking this receptor . EC S1PR1 signaling directly
affects vascular coverage with vascular smooth muscle cells and impaired signaling leads
to increased vascular leakage.'™® Furthermore, S1PR2 and S1PR3 counteract each
other during vascular development. Although single-knockout animals for each receptor
do not display a severe phenotype during development, it was demonstrated that the

combined deletion of both receptors results in embryonic lethality accompanied by vascular
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Figure 3: Schematic overview of de novo vessel formation and sprouting angiogenesis.(a) De novo
formation of the vasculature (vasculogenesis) starts with the formation of endothelial progenitor cells during
early embryonal development. Within the yolk sac, these cells form a blood island, which develops into a
primary capillary network. Endothelial cells are covered with mural cells and a basement membrane develops
until the mature vasculature is formed. (b) New blood vessels are formed from these pre-existing blood vessels
by means of sprouting angiogenesis. The basement membrane is degraded and coverage with mural cells
is interrupted once a tip cell starts to form. This tip cell then develops filopodia and grows out of the existing
vessel, leading to lumen formation and forming a new vascular sprout through so-called stark cells. Newly
formed vessels build a basement membrane and are covered with mural cells to reach their mature state.
Created with BioRender.com
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abnormalities and hemorrhages. '

Postnatally, S1P remains critical for maintaining vascular integrity and promoting blood
vessel growth. S1TPR1, S1PR2 and S1PR3 work together to achieve a balance in regulating
sprouting angiogenesis. Specifically, S1PR2 and S1PRS3 signaling, which activates Rho,
promotes sprouting angiogenesis. This results in the formation of tip cells and cytoskeletal
rearrangements that promote the stabilization of newly formed vessels.'®'5¢ In contrast,
S1PR1 has been demonstrated to have a negative impact on vasculature sprouting and
branching.'®” 158 This can occur via direct S1P signaling or by activating S1PR1 through
sheer stress, which shows a negative feedback loop to stop active angiogenesis once a
suitable vascular network has formed.'®

After establishing a proper vascular network S1P plays a crucial role in regulating
endothelial barrier formation. Disruption of S1TPR1 in mice leads to increased hemorrhage
formation and early embryonic lethality due to defective endothelial barrier formation
and insufficient coverage of the vasculature by smooth muscle cells and pericytes.'®°
The formation of adherence and tight junctions regulates the endothelial barrier. In
response to blood follow and circulating S1P, adherence junctions are established. A
gradient is formed from high S1P in the maturing vasculature to low S1P in the growing
vascular. This ensures the foundation of proper vascular junctions and stabilization once
proper blood flow is established.”™® In S1PR1 knockout mice, this process is disrupted,
which causes destabilized adherens junctions and impaired vascular barrier function.8
Adherens junction proteins such as VE-cadherin and beta-catenin are critical mediators
of S1P-induced vascular barrier function. Stimulation of human lung ECs with the S1P
analog FTY-720S phosphate increased the distribution of these junction proteins within
the intracellular space.'®' This VE-cadherin stabilization at the junction is mediated by
S1PR1.7%7 Disruption of S1PR1 signaling in human endothelial cells leads to decreased
VE-cadherin stability.'®? While S1PR1 and S1PR3 promote adhesion junction assembly,®
S1PR2 signaling disrupts adhesion junctions and increases vascular leakage.'®®* S1P
also influences the formation of tight junctions by activating zonula occludens 1 (ZO1)
in an S1PR1-dependent manner.'84185  Additionally, S1P regulated cell-cell interaction
between endothelial cells and mural cells through modulation of N-cadherin activation and
translocation in response to S1PR1 signaling.'®®

The integrity of the vascular barrier is crucial for normal physiological functions and plays

a significant role in various pathological conditions such as ischemia, inflammation and
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cancer.'®” Paul et al. identified a downregulation of the S1P transporter SPNS2 under
inflammatory conditions, leading to dysregulated S1P levels and disrupted endothelial
barrier functions.'®® Furthermore, S1P-mediated barrier function is linked to anaphylactic
shock. Selective downregulation of S1P plasma levels correlates with worsened outcomes
and impaired survival following anaphylactic shock, suggesting that S1PR1 agonist
treatment could be beneficial.'®® In ischemic stroke, reduced S1P levels are associated
with more severe brain injury. S1PR1 supports blood-brain barrier function, which is
protective in ischemic stroke.'”°

In addition to its roles in vascular development and barrier integrity, S1P is also a critical
contributor to tumor angiogenesis. In a mouse model of breast cancer, S1P has been
shown to mediate angiogenesis. Lowering S1P levels using SPHK1 inhibition resulted in
reduced tumor size due to inhibited angiogenesis.'”! S1PR1 signaling is associated with
increased tumor angiogenesis and sprouting. A substantial increase in S1PR1 expression
was observed in ECs within the tumor vasculature. Both the injection of S1PR1 silencing
small interfering RNA (siRNA) and endothelial-specific knockdown of S1PR1 led to
suppression of angiogenesis within the tumor, subsequently reducing tumor burden.'”2173
Additionally, treatment with S1PR1 antagonists or anti-S1P antibodies reduced tumor
angiogenesis and tumor burden in a model of diffuse large B-cell lymphoma.'”# In contrast,
S1PR2 is associated with the downregulation of tumor angiogenesis and growth. S1PR2
knockout mice exhibited increased tumor growth due to enhanced cell migration and
angiogenesis after lung carcinoma or melanoma cell implantation.'”®

Beyond its role in angiogenesis and tumor growth, S1P is essential in regulating blood
pressure and vascular tone. Specifically, the activation of endothelial nitric oxide synthase
(eNOS) by S1P and the subsequent production of nitric oxide (NO) are potent regulators
of blood pressure.'”® 177 S1PR1 has been identified as a critical factor in regulating eNOS
activity. In S1PR1 knockout mice a decrease in NO activity was observed accompanied
by dysregulated and elevated blood pressure.'”® Additionally, S1PR2 and S1PR3 have
been implicated in vasoconstriction and vasodilation. Nofer et al. reported increased
NO release in ECs following S1P stimulation, ultimately leading to vasoconstriction.
Evaluation of S1P’s effect in S1PR3 knockout mice showed a 60% decrease in vasodilation
capacity indicating the involvement of S1PR3 in this process.'”® Similarly, S1P-mediated
constriction was observed in the basilar arteries of rats and mice, whereas this effect was

absent in S1PR3 knockout mice further underscoring the role of this receptor.’”® S1PR2’s
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involvement was identified during vasoconstriction in hamster arteries. The vasorestrictive
effect of phenylephrine was significantly decreased in the aortae of S1PR2 knockout
mice highlighting the receptor’s role in this process.'® S1P regulates blood pressure,
vasoconstriction and vasodilation through S1PR1, S1PR2 and S1PR3. This demonstrates

the multifaceted involvement of these receptors in vascular function.

1.2.3 VEGFa Signaling in Blood Vessel Formation and Regulation

Vascular endothelial growth factor A (VEGFa) along with VEGF-B, VEGF-C and VEGF-D
is part of a gene family crucial for lymphatic angiogenesis and vascularization.'®" VEGFa
exists in four isoforms due to alternative splicing, each with different lengths of amino acid
chains. The shortest isoform, VEGFa;»;, is soluble, while the longest isoforms, VEGFagg
and VEGFaygs, are bound to proteoglycans in the extracellular matrix (ECM). VEGFaygs,
the most abundant isoform, can be found within the Golgi apparatus bound to ECM or
diffusing inside the cell.'®218 VEGF binds to the receptors VEGFR1/FlIt1, VEGFR2/Flk1
and neuropilin-1 (NRP1), significantly influencing vasculogenesis, angiogenesis and
pathological conditions. 84

VEGFR signaling is essential for developing the vasculature during embryogenesis and
early postnatal stages. Even heterozygous deletion of the Vegfa gene disrupts blood
vessel development and the formation of blood islands in the yolk sac, while homozygous
deletion is embryonically lethal.'8%18 The highest expression of VEGFR2/FIk1 occurs in
early embryonic development in mice at embryonic day E7 indicating its crucial role in early
vascular development. VEGFR2 is responsible for the organization of hemangioblasts
and the formation of blood islands within the yolk sac.'®”-'8° During endothelial sprouting
VEGFR2 activation drives the formation of EC filopodia and their migration to the growth
front. Disruption of receptor signaling impairs sprouting, whereas increased receptor
activation in a mouse model leads to enhanced filopodia formation.'®® '®" VEGFR1 impacts
vascular organization by governing the number of endothelial cell progenitors to ensure
proper vessel formation.'®”:192  Deletion of VEGFR1 results in embryonic lethality due
to disorganized endothelial cells and abnormal vessel formation.'®® As this deletion is
associated with an increase in EC proliferation, VEGFR1 signaling is mainly associated

with negative regulation of angiogenesis.'®* Additionally, VEGFR1 signaling is related to
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the regulation of sprout formation during angiogenesis. VEGFR1 loss leads to decreased
formation of sprouts and therefore, reduced branching of the vasculature.'®® Furthermore,
regulating VEGFR1 and VEGFR2 expression is a competent regulator of endothelial cell
fate decisions towards tip or stark cells during angiogenesis.'®® Notably, NRP1 is a VEGF
receptor that directly affects angiogenesis by binding to VEGFa. NRP1 also enhances
VEGFa binding to VEGFR2, although VEGFa binding to NRP1 can inhibit EC growth by
also preventing VEGFR2 binding, demonstrating its multiple roles.9”-1%

Beyond its role during development, VEGFa continues to influence vascular integrity and
function in postnatal life and pathological conditions. Postnatally, inhibition of VEGFa has
been shown to impair regular growth and organ development, increasing mortality due to
reduced proliferation and survival of ECs. However, the dependency on VEGFa diminishes
as ECs become quiescent and mural cell coverage is achieved.'®%2% |nhibition of VEGFR1
signaling results in endothelial alterations and impaired EC proliferation and survival during
early postnatal days. However, blocking VEGFR1 four weeks postnatally shows no effects,
indicating its predominant involvement in embryonic and early postnatal stages.?%°

In pathological conditions, VEGFa significantly influences inflammation, wound healing
and tumor vasculature by regulating vascular permeability. VEGFR2 activation increases
the expression and secretion of cell adhesion molecules ICAM1, VCAM1 and E-Selectin
enhancing leukocyte adhesion and migration through the endothelial barrier.2°".202 VEGF
signaling through VEGFR2 leads to phosphorylation of VE-cadherin and disruption
of the VE-cadherin/beta-catenin complex in endothelial junctions, enhancing vascular
leakage.?9*2%*  VEGFR1 signaling enhances monocyte recruitment and migration in
inflammatory processes.?%>2% During regenerative processes such as wound healing,
increased VEGFa levels lead to the formation of microvascular structures due to enhanced
angiogenesis.?”:2%®  Similarly, VEGFa treatment after occlusion of the left circumflex
coronary artery increases collateral blood flow and the formation of intramyocardial vessels
during recovery.2%®

Furthermore, VEGFa signaling promotes tumor vascularization and growth.2'® Comparing
VEGFR1 and VEGFR2 expression levels in the vasculature in colorectal cancer metastases
in the liver compared to the healthy surrounding vasculature revealed increased expression
in these ECs.2'" Additionally, enhanced expression of these factors was observed to be
connected to metastasis occurrence and cancer progression.?'? Targeting VEGFa signaling

has shown to be promising in cancer treatment. VEGFR2 inhibition reduces cell viability
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and increases apoptosis in tumor endothelial cells, thereby reducing tumor growth.?'3
VEGFa blockade using anti-VEGFa antibodies similarly reduces tumor angiogenesis and
growth.2'421® Deleting VEGFa in cervical cancer cells also demonstrates antiangiogenic
effects.?!”

The involvement of VEGFa signaling in both vascular development and the regulation of
postnatal vascular regeneration in pathologies and regeneration underlines its importance

in numerous biological processes.

1.3 Bone

Bones form the basic framework of the body, providing essential structural support and
protecting internal organs. They also support muscle movement and help maintain physical
mobility. Bones are the primary source and storage site for crucial minerals such as
calcium and phosphates, thereby significantly maintaining mineral balance within the body.
Furthermore, bones also store and release numerous growth factors.2'8:21°

There are two primary bone structural types: cortical and trabecular.??® Cortical bone is
densely packed, making up 80% of all skeletal mass with high resistance. It forms the
outer part of all bones and primarily contributes to the stability of the bone. Trabecular
bone constitutes the remaining 20% of bone mass. Trabecular bone is found inside long
bones and larger flat bones. It has a less dense and, therefore, more elastic structure. It
features a thinner, more branched shape, making 80% of the bone surface trabecular. As
it performs the primary metabolic functions of the bone, a high turnover rate is observed,
characterized by continuous bone remodeling.?1%-221

Structurally, bone is composed of type | collagen fibers with a lamellar organization. In
cortical bone, concentric lamellar formations are evident, whereas in trabecular bone these
structures are parallel, defining the compactness of each bone.?'® Additionally, intercalated
non-collagenous proteins like proteoglycans, Gly-proteins and Gla-proteins can be found,
further enhancing the distinct properties of bones. The calcified, inorganic matrix that
contributes to the hardening of bone is made up of hydroxyapatite, which is present in both

collagen and matrix structures.???
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1.3.1 Osteogenesis during Development: From Mesenchymal Stem Cells to Bone

Formation

During development, bone forms in two different ways. Intramembranous ossification
occurs primarily in flat bones such as the skull and is characterized by the direct
condensation of mesenchymal cells into mineralizing osteoblasts (OBs).2?®> Endochondral
bone formation, as shown in Figure 4, is the more common and the more complex process
of bone development. During long bone formation, mesenchymal cells aggregate and
then differentiate into chondrocytes. These cells produce collagen and aggrecan and
establish a scaffold of hyaline cartilage (Figure 4a). Chondrocytes enter their hypertrophic,
non-proliferative phase in the center of this scaffold. This mechanism is linked to the
recruitment of blood vessels and the regulation of OB differentiation, initiating the apoptosis
of hypertrophic chondrocytes. Subsequently, OBs secrete bone matrix, creating a
periosteal bone collar (Figure 4b). This ultimately leads to the formation of a primary
ossification center as cells and blood vessels invade the center of the hyaline cartilage.
This is coupled with ongoing matrix formation (Figure 4c).??* Hematopoietic stem cells
infiltrate the bone matrix and begin to develop into bone marrow, which expands during
bone formation. At the same time, chondrocytes either continue to proliferate at the ends
of the scaffold, promoting greater bone growth or form a columnar structure. Chondrocytes
undergo hypertrophy at the outer border of these columns and resorb the calcified cartilage
matrix. This process attracts blood vessels toward the site and promotes OB formation,
resulting in the development of secondary ossification centers in the later epiphyseal
regions of the bone (Figure 4d).22> Once the bone matrix is established in these areas,
including the central diaphyseal region of the bone, longitudinal growth occurs solely
through chondrocyte proliferation within the epiphyseal growth plate (Figure 4e). The
growth plate disappears at maturity, leaving an epiphyseal line between the epiphysis and
the trabecular metaphysis.??® The fully developed bone is framed by compact bone in its
diaphyseal region, known as the corticalis. It gives the bone stability and is lined by the
periosteum. The bone marrow and bone marrow vasculature are found in the medullary

cavity of the diaphysis, ensuring adequate oxygen and nutrient supply (Figure 4f).223.225
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Figure 4: Schematic overview of endochondral bone formation.(a) During early development, a hyaline
cartilage mold serves as a scaffold for bone development. (b) A periosteal bone collar is built and blood
vessels migrate into the bone ensuring nutrient supply. (¢) The primary ossification center is built within the
center of the scaffold and (d) secondary ossification centers are built within the epiphyseal regions. (e) As
endochondral ossification progresses, trabecular bone fomes within the epiphyseal and metaphyseal regions
of the bone, (f) compact bone stabilizes the diaphysis. Blood vessels expand and the medullary cavity gives
space for the bone marrow. Created with BioRender.com
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1.3.2 The Bone Marrow Niche: Regulation and Maintenance of Bone Homeostasis

Osteoclasts (OC) and osteoblasts (OB) are the primary cell types responsible for
maintaining bone homeostasis. OBs, as bone-forming cells, originate from mesenchymal
stem cells (Figure 5). Runt-related transcription factor 2 (RUNX2) is recognized as a
crucial factor that stimulates OB differentiation from these stem cells. If RUNX2 is absent,
it can hinder OB maturation and prevent ossification.??”-228  Furthermore, the absence
of Osterix (OSX), which operates downstream of RUNX2, diminishes OB differentiation
and hinders matrix mineralization, highlighting its role in osteoblastogenesis and OB
function.?2® Moreover, Wnt signaling has a central function in embryonic bone development.
Beta-catenin, a principal controller of canonical Wnt signaling, is indispensable for OB
differentiation from mesenchymal stem cells. Disruption of Wnt signaling results in impaired
bone formation by preventing OB differentiation.23%23"  Once maturation is completed,
OBs secrete a collagen matrix and initiate the mineralization of the bone. As soon as this
mineralization is terminated, OBs become apoptotic or differentiate into bone-lining cells
or osteocytes. Matrix-enclosing of mature OB thereby leads to the initiation of osteocyte
differentiation.23223% Consequently, the resulting oxygen tension further pushes osteocyte
maturation.23* Matrix metalloproteinase MT1 (MT1-MMP) and Transforming growth factor 3
(TGF /) signaling initiate the reprogramming and development of mature osteocytes. After
their differentiation, these cells reside in the bone matrix and regulate bone homeostasis.?*®
Unlike other bone cells, OCs are derived from hematopoietic stem cells that primarily
enter the monocyte/macrophage lineage driven by macrophage colony-stimulating factor
(M-CSF) (Figure 5).2%6:237 Their lineage commitment is determined by c-Fos, a crucial
regulator of OC and dendritic cell differentiation.?*® The transcription factor PU.1 drives
the development of mononucleated pre-osteoclasts during ongoing osteoclastogenesis.?3°
This process is enhanced by M-CSF and Receptor activator of NF-xB Ligand (RANKL)
binding.2*® Pre-osteoclast fusion, governed by RANKL and NF-xB, ultimately creates
multinucleated, bone-resorbing OCs.241-243

Bone is a highly dynamic tissue that relies on constant remodeling and renewal. This
process is a tightly controlled interaction between bone formation and resorption. During
bone formation, bone synthesis occurs in two main steps: First, an organic bone matrix is
deposited at the site of bone formation. This so-called osteoid matrix consists of collagen

proteins, mainly type | collagen and non-collagenous proteins such as osteonectin and
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Figure 5: Schematic overview of cell differentiation and bone homeostasis.Mesenchymal stem cells
differentiate into osteoblasts and subsequently osteocytes. Hematopoietic stem cells differentiate into
monocytes and macrophages and specific transcription factors drive their differentiation into pre-osteoclasts.
These pre-osteoclasts fuse to form mature osteoclasts. To ensure bone homeostasis, cells within the bone
rely on intense crosstalk. Created with BioRender.com
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osteopontin.?** Second, the osteoid is mineralized. OBs, chondrocytes and odontoblasts
produce matrix vesicles, which release hydroxyapatite crystals into the extracellular
space. These crystals ultimately form the inorganic mineralization components within
the collagenous matrix.2#424 Bone resorption is driven by OCs. The release of protons
between these cells and the bone surface forms an acidic resorption compartment.
These protons allow the inorganic matrix compounds, the hydroxyapatite crystals, to be
solubilized and release calcium and phosphate compounds.?46:247 |n addition, pH-sensitive
acid proteases are released by OCs into the acidified resorption compartment, resulting in
the digestion of the organic bone matrix.24®

During normal bone homeostasis, cells within the bone influence each other to maintain a
balance between bone resorption and formation, enabling proper bone function, stability
and repair (Figure 5). OBs can enhance osteoclastogenesis and bone resorption by
secreting M-CSF, which in turn stimulates the formation of pre-osteoblasts and the
subsequent maturation of OCs.2*® Moreover, M-CSF enhances OC mobility, proliferation
and survival, improving bone resorption.°%2%"  Additionally, OBs are a significant source
of RANKL, accelerating their ability to promote pre-osteoclast formation and fusion to
mature OCs.2%2 However, OBs stimulate osteoclastic bone resorption and can potentially
hinder RANKL-mediated osteoclastogenesis via secreting osteoprotegerin (OPG).2** OPG
directly interferes with differentiation towards pre-osteoclasts and the further ability of
fusion to form mature OCs by disrupting cell-cell contacts.?%%2% |n addition, it should be
noted that OPG affects the ability of OCs to resorb bone. This is achieved by OPG binding
directly to RANKL, ultimately blocking the necessary cytoskeletal rearrangements required
for resorption.?®> As osteoblastic cells are the primary source of OPG, the importance of
regulation is further strengthened through OPG knockout in OBs. In the absence of OPG
inhibition, mice with this mutation showed increased bone resorption, resulting in reduced
bone mass.?°®2% QOsteocytes, the cells of osteoblastic origin, have gene expression
patterns similar to those of OBs. Osteocytes, like OBs, secrete RANKL, which promotes
the formation of OCs and bone resorption. Moreover, animal models with a selective
RANKL deficiency solely in their osteocytic cells have a reduced number of OCs and a
consequent increase in bone density.2%8:2%°

The bone resorption capacity is influenced not only by the surrounding cells but also by
bone formation capacity. As osteocytes develop once adequate bone mineralization is

achieved, increased sclerostin (SOST) expression can be observed within these cells.
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SOST has been shown to regulate bone mineralization by inhibiting OB differentiation
and further matrix formation.?6%26' |n contrast to osteocytes, OCs have a positive effect
on bone-forming cells. Particularly during bone repair, proper recruitment of OBs to the
site of bone resorption is essential. OCs attract these cells by secreting S1P and bone
morphogenic protein 6 (BMP6), further stimulating bone formation and matrix secretion via
Wnit/BMP signaling.?%? In addition, cardiotrophin 1 (CT-1), an upstream activator of RUNX2,
is secreted by OCs, leading to enhanced OB differentiation and maturation. The beneficial
effect of CT-1 was further demonstrated by a reduction in bone mass in mice lacking this

protein. 23

1.3.3 Osteoporosis and Treatment Options

Once bone homeostasis is disrupted, dysregulation can lead to osteoporosis. Osteoporosis
is a severe skeletal disease and is characterized by reduced bone mineral density (BMD)
and elevated fracture risk.?®* It is associated with frequent hospitalizations and slow
or often failed recovery.?®® Although osteoporosis is also diagnosed in men, it is more
common in women and more prevalent in older people. In Germany, in 2015, about
24% of women and 5.6% of men over the age of 65 years were found to be affected by
osteoporosis.?®® A similar occurrence was observed in the United States of America in
2017, where overall 19.6% of women and 4.4% of men were diagnosed with osteoporosis,
reaching up to 27.1% in women over the age of 65. In recent years, these incidences are
steadily increasing.?%’

The most commonly used osteoporosis treatments are bisphosphonates, of which
zoledronate, alendronate, risedronate or ibandronate are the most frequently used. All
of these have been shown to significantly reduce the risk of osteoporotic fractures by
increasing BMD. Long-term use was associated with a low incidence of side effects.
These treatments are usually given for several years, followed by a treatment break.268-2""
Another commonly used antiresorptive agent is denosumab, a monoclonal antibody against
RANKL. Blocking RANKL blocks osteoclast-mediated bone resorption and dramatically

reduces the number of OCs.?"?

Long-term treatment has been shown to significantly
increase BMD and reduce the number of osteoporotic fractures.?”® After a treatment break

of 48 months, BMD values return to pre-treatment baseline levels.?”#
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As osteoporosis is most common in postmenopausal women after estrogen levels have
declined, hormone replacement therapies are employed as well. Raloxifene is an estrogen
receptor modulator that, like the other known treatments, reduces fracture prevalence and
increases BMD.2”° Similar effects are seen with tibolone treatments, which have estrogenic
and proestrogenic effects.?”®

In addition to the commonly used antiresorptive agents, anabolic agents are becoming
increasingly important. Teriparatide, as a parathyroid hormone (PTH) analog, stimulates
OBs and thus leads to increased bone formation, ultimately resulting in increased BMD
and reduced fracture prevalence. In addition, an increase in serum calcium levels has been
observed.?’”:27® After one year of treatment, there are no further effects and a combination
with other therapies is needed to further strengthen the bone.?’® Like teriparatide,
abaloparatide activates the parathyroid hormone type 1 receptor, thereby inducing bone
formation. This results in increased BMD, fewer fractures and reversal of hypercalcemia.?®
Romosozumab has a different mechanism of action. It binds the osteoblast inhibitor SOST,
thereby activating osteoblastic bone formation. An increase in bone formation markers is
observed,?®' leading to increased trabecular thickness and connectivity.?222 However, the
increase in bone formation markers is accompanied by an increase in bone resorption
markers. This leads to an overall reduction in bone remodeling.?®'

Despite the availability of several treatment options, the challenge of managing
osteoporosis is becoming more challenging as the number and incidence of osteoporotic
fractures increase each year. Frequently, not all treatment options are available to all
patients and not all patients respond to available treatments.?®®> The most commonly
used bisphosphonates only result in a slight increase in BMD and a decrease in fracture
incidence. In addition, they only act as antiresorptive agents. More anabolic treatment
options are needed to properly treat osteoporosis in the future.?®* Therefore, it is essential
to better understand the processes involved in bone remodeling and identify potential

targets for new treatments.

1.3.4 Post-Traumatic Osteomyelitis

While osteoporosis is primarily characterized by the weakening of bones due to reduced

bone density, other critical aspects of bone regeneration include injuries and infections,
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such as post-traumatic osteomyelitis. Post-traumatic osteomyelitis is a severe infection
of the bone that occurs following bone trauma resulting from injury or surgery. This
condition is often associated with bacterial infections affecting the bone and bone cells,
with Staphylococcus aureus (S. aureus) being the predominant causative organism.28>286
In particular, infections with methicillin-resistant S. aureus strains present significant
challenges to antibiotic treatments.?®” The infection can be characterized by various
aspects, involving direct invasion of bacterial cells in the surrounding tissues, including ECs
and cells within the bone niche such as OBs, OCs and osteocytes.?88:28° The internalization
of bacterial cells within OBs and osteocytes presents a demanding challenge as these
cells undergo a phenotypic switch, serving as reservoirs for persistent infections.290-2%2
Additionally, these colonies are resistant to various therapeutic interventions and immune
responses. After the death of the host cell, reinfections frequently occur as bacterial
cells are released into the surrounding tissue.?®" Moreover, S. aureus internalization
within OCs leads to intracellular proliferation and propagation of bacterial cells.?%® Biofilm
formation within the infected region further complicates the situation, as these biofilms
exhibit reduced susceptibility to antibiotic penetration and immune responses, leading to
further difficulties in treatment.?®® Additionally, bacterial colonies invade the long bone
and position themselves in close proximity to osteocytic lacunae within the cortical bone,
providing mechanical protection for the colonies.2%42%

Diagnosing osteomyelitis is challenging and influenced by factors such as the site
of infection, time since the onset of infection and previous surgeries.?®® Additionally,
various risk factors, including age and pre-existing conditions like diabetes, can impact
disease diagnosis, progression and treatment outcomes.?%”:2% The treatment typically
involves a combination of antibiotic therapy and debridement of the infected site.?%:2%°
However, the success rate varies, reaching around 53%, with studies emphasizing
the effectiveness of the combined approach.?%®3%° Nonetheless, after debridement, a
reduction in bone regeneration accompanied by increased osteoclastogenesis has been
observed, complicating the overall treatment strategy.3' These challenges emphasize the
complexity of treating bacterial infections in osteomyelitis sites and achieving proper bone

regeneration. This underlines the need for improved treatment options.
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1.3.5 S1P Signaling in Bone: Implications for Physiology and Therapeutics

S1P has been described to play several roles in bone development and metabolism.
OCs, the primary cells responsible for bone resorption, were shown to express S1PR1-3.
Conditional S1PR1 knockout in OCs and monocytes led to the development of an
osteoporotic phenotype. It has been demonstrated that S1P regulates OC migration and
motility by signaling through this receptor. This leads to an increased number of OCs on
the bone surface and therefore increased bone resorption.2? In contrast, S1PR2 knockout
in OCs leads to osteopetrosis due to reduced bone resorption. This effect was mimicked
by treatment with the S1PR2 antagonist JTE013 and caused by a reduced number of OCs
on the bone surface.3%

In OBs, S1P has been shown to enhance mineralization through upregulation of alkaline
phosphatase (ALP) and OPG expression, mediated by the PI3K/Akt pathway.*** S1PR1
signaling enhances OB proliferation and S1PR2 plays an essential role in the recruitment
and differentiation of OB progenitors.3°>3%  Global S1PR2 knockout mice develop an
osteoporotic phenotype. Osterix and PPary expression are regulated by S1PR2 signaling,
thereby regulating osteoblastogenesis.®®” In contrast to S1PR2 knockouts, S1PR3
knockout mice develop an osteoporotic phenotype only with increasing age. Keller textitet
al. showed reduced bone volume in these mice at eight months of age. In addition, S1P
has been shown to induce calcification and matrix secretion in OBs via S1PR3.30%8:309
Previous studies have shown a close relationship between OBs and OCs.3'® OCs have
been shown to regulate SPHK1 expression through intracellular cathepsin K levels, a
protein highly involved in bone remodeling and resorption. The elevated S1P levels in OC
supernatants have been shown to subsequently lead to OB mineralization.®'" Furthermore,
S1P has been shown to induce OPG expression in OBs, inhibiting osteoclastogenesis.3’
S1P affects bone formation and homeostasis at the cellular level and has also been
implicated in the development and progression of osteoporosis. Most studies in patients
with osteoporotic fractures show a negative correlation between plasma S1P levels and
fracture prevalence. Furthermore, high plasma S1P levels correlate with poor response to
bisphosphonate treatment.?'> BMD measurements and trabecular bone score negatively
correlate with plasma S1P.3'3-31° This may be explained by the positive correlation between
plasma S1P and bone resorption markers in osteoporotic patients.®'® In contrast, the

population-based SHIP-Trend study showed a positive correlation between plasma S1P,

28



Introduction

bone formation markers and plasma calcium levels. PTH was shown to be negatively
correlated with S1P levels.?”” As there are conflicting results on the association of plasma
S1P levels with the development of osteoporosis, an influence of bone marrow S1P levels
has been proposed as an essential factor. The level of S1P in the bone marrow has been
shown to be significantly reduced in patients with osteoporotic fractures . Therefore, Kim et
al. proposed the plasma-to-bone marrow S1P ratio as a critical factor in bone metabolism
rather than plasma S1P alone. As bone marrow S1P levels have been shown to be
reduced in patients with osteoporosis, the result is an increase in plasma/bone marrow
S1P levels.3'®

These studies show that the mechanism of S1P in human bone metabolism is not yet fully
understood. More detailed investigations are needed to fully understand S1P’s potential as

a biomarker for osteoporosis.

1.3.6 The Role of the Bone Microvasculature in Bone Physiology

Not only have bone-forming cells been shown to play an important role in bone
homeostasis, but the surrounding tissues also appear to influence the strength and
mass of bone. As early as in the 1960s, a specific vascular phenotype within the bone
marrow was described as being associated with osteogenesis.®'” In recent years, this
unique vasculature has received renewed attention. Ramasamy et al. described these
vessels in detail and were able to associate unique pro-osteogenic properties with them.
Within the bone marrow, two subsets of endothelium have been described. Due to their
low marker expression, the diaphyseal capillaries with intermediate Endomucin and low
CD31 expression are referred to as L-type vessels. They make up the majority of the bone
vasculature. The so-called H-type vessels show a high expression of both endothelial
markers. They are associating with osteoprogenitor cells and therefore stimulate an
increase in bone mass, suggesting a coupling role of ECs and OB proliferation.3'8:31°

Several factors influence the formation of the H-type vasculature. The phenotype of ECs
is intrinsically influenced by EC integring1 and laminina5. Loss of these factors in ECs
has been shown to reduce the abundance of H-type ECs and consequently reduce bone
volume.®? |n addition, the endothelial phenotype is influenced by osteogenic cells. OCs

have been shown to significantly impact the formation of H-type vessels through PDGF-BB
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secretion.®!' OBs have also been shown to influence angiogenesis. Secretion of PDGF
and VEGFa positively affect angiogenesis of the bone marrow endothelium, whereas
CXC ligand 9 (Cxcl9) and mammalian target of rapamycin complex 1 (mTORC1) lead to
normalization of the vasculature.®?2323 |n addition, osteoblastic slit guidance ligand 3 (SIit3)
is required for H-type vessel formation.32

Furthermore, it has been shown that several pro-osteogenic factors are secreted by bone
marrow endothelial cells (BMECs), mainly in the H-type vasculature. When these factors
are reduced, severe bone malformations can be observed during development.32%326
Kusumbe et al. demonstrated differential expression of several growth factors within the
H-type vasculature compared to the L-type vasculature, namely Pdgfa, Pdgfb, Fgf1 and
Tgfb1, which are associated with bone morphology and development. It was also observed
that the proportion of H-type vessels is reduced and the distinct expression pattern is lost
with age. Thus, the association of osteoprogenitor cells with the vasculature decreases.®'®
These observations suggest an interplay between BMECs and surrounding osteogenic

cells, regulating bone development and homeostasis.

1.3.7 VEGFa Signaling in Bone: Regulation and Implications for Bone Health and

Regeneration

One of the factors known to couple angiogenesis and osteogenesis is VEGFa. In particular,
VEGFaigs has been shown to play an important role in blood vessel recruitment to the
primary ossification center and perichondrium during bone formation. Additionally, it
directly affects the recruitment of OBs to the site of active bone formation.®?” Blockade of
VEGFa signaling during development results in the impaired vascular invasion reduced
chondrocyte recruitment and differentiation and cartilage zone elongation. These defects
ultimately result in decreased trabecular bone formation.®?® Conditional knockout of VEGFa
in chondrocytes showed that blood vessel attraction to the primary ossification center
is chondrocyte dependent and that changes in the hypertrophic chondrocyte zone are
the result of reduced chondrocyte survival.®2® Furthermore, ongoing VEGFa expression
could be positively correlated with ongoing bone formation, with peak expression occurring
shortly before maximum bone formation is reached.®3*® Bone matrix formation has also

been shown to be dependent on VEGFa. At the site of bone formation, VEGFa acts

30



Introduction

as a chemoattractive cue for mesenchymal progenitor cells, which then proliferate and
differentiate into OBs.327:331:332 Gontinued VEGFa stimulation increases matrix secretion
and nodule formation in these cells. VEGFR1- and VEGFR2 signaling enhances ALP
activity and calcium secretion.®3%334  Conditional knockout of VEGFa in OBs decreased
bone mass due to reduced osteoprogenitor numbers and mineralization. Similarly, the
blockade of VEGFR1 and VEGFR2 has been shown to result in reduced bone density.33%336
Osteoblastic VEGFa plays a central role not only in endochondral bone formation but also
in intramembranous bone formation. This was demonstrated by reduced mandibular and
calvarial bone mass after VEGFa knockout in osteoblastic cells.®3’

The influence of VEGFa on OCs has been studied only to a limited degree. Nakagawa et al.
showed a positive impact on OC survival and increased bone resorption, probably mediated
by VEGFR1 and VEGFR2 signaling.®3® Furthermore, upregulation of RANK expression
in OCs directly and secretion by ECs was observed upon VEGFa treatment. This further
leads to an increase in OPG expression and stimulation of bone remodeling.33%-340
Because of its influence on multiple cells involved in bone formation and repair, the
potential of VEGFa-mediated bone healing has been extensively studied. Several animal
studies have already demonstrated a positive effect of VEGFa on bone formation, mainly
in bone defect models. Administration via VEGFa-expressing fibroblasts or a matrix
containing a VEGFa-expressing plasmid to the site of a bone defect resulted in enhanced
bone healing. Not only ossification but also vascular invasion at the defect site was
increased, demonstrating a close relationship between VEGFa, vascular invasion and bone
healing.3*!:342 Blocking VEGFa during bone healing with a VEGFa-blocking antibody also
confirmed the positive effect. Once VEGFa signaling is blocked, bone healing is impaired.343
In mice with genetically increased Hifla levels due to blocked degradation, an increase
in VEGFa was observed. Furthermore, these mice are resistant to ovariectomy-induced
bone loss, suggesting a close link between the development of osteoporosis and VEGFa
expression.>** To support this, Yao et al. described exercise-induced changes in bone
mass in rats. They identified a VEGFa-dependent increase in bone vascular density,
followed by an increase in BMD.3%

The relationship between VEGFa levels and osteoporosis remains controversial in humans.
Cebi et al. compared VEGFa plasma levels in osteoporosis patients and healthy controls
and found no differences between the groups.®*® In addition, a study correlating VEGFa

plasma levels in 152 postmenopausal women with BMD found no correlation.®*” In
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contrast, Senel et al. found a correlation between BMD and VEGFa plasma levels and
a reduction in VEGFa plasma levels in osteoporosis patients compared to age-matched
healthy subjects.®*® Similar correlations were found in a study comparing pre-, peri-
and postmenopausal women. Histomorphometric analysis showed a positive correlation
between VEGFa expression, osteoanabolic markers and bone density in these women.
Resorption markers were negatively correlated with VEGFa expression.34°

As there is a close link between VEGFa and bone formation, targeting VEGFa for
osteoporosis and bone regeneration treatment seems promising. However, as there are
still controversial findings regarding the influence of VEGFa in osteoporosis, further studies

are needed.
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2 Research Aim

Given that bones are essential for mobility and structural support, the proper functioning
of bone remodeling and homeostasis is essential. As seen in osteoporosis, disruption of
these processes contributes to reduced bone stability and increased fracture susceptibility.
Despite the availability of several treatment options, the increasing incidence of osteoporotic
fractures and variability in patient response highlight the need for new innovative and
targeted therapies. In addition, deregulation of bone homeostasis due to defects such
as post-traumatic osteomyelitis may result in impaired bone healing capacity. Frequently
used treatment regimens include surgical removal of the infected bone tissue and antibiotic
treatment. However, impaired healing of the defect area is often observed. These issues
need to be addressed to improve patient care and treatment options.

Recent research identified an association between a specific type of bone vasculature,
the H-type vessels and bone density. This suggests an important interplay between
bone marrow endothelial cells and osteogenic cells in regulating bone development and
homeostasis. While this relationship has primarily been investigated during developmental
stages, this study aims to extend the understanding of this crosstalk by assessing the
functional role of the pro-osteogenic vasculature in relation to bone remodeling.

The central aim of this study is to understand the role of S1P — a factor known to influence
both osteogenesis and angiogenesis — in the crosstalk between the bone vasculature
and osteoblasts. To investigate the influence of S1P signaling on vessel-bone-crosstalk
in vivo, global S1P levels are increased in mice. Two approaches are used to increase
S1P levels: pharmacological inhibition of S1P lyase, the enzyme responsible for the
irreversible degradation of S1P, using 4-deoxypyridoxin (DOP) and genetic deletion of the
same enzyme. Assessing bone vasculature, bone formation and bone strength aims to
unravel the S1P-dependent links between these processes. At the cellular level, primary
osteoblasts (pOBs) and bone marrow endothelial cells (BMECs) are used to study the
underlying processes and to reveal the signaling pathways involved. Therefore, these cells
are cultured under several conditions and receive various treatments, including S1P, S1PR
antagonists and specific pathway-blocking antibodies. In addition, the study is investigating
the role of S1P receptors by using S1PR2 and S1PR3 knockout mice, providing insights

into the specific receptors involved in the observed effects.

33



Research Aim

To translate the observed S1P-mediated effects during bone homeostasis to a
post-traumatic osteomyelitis bone defect model, mice harboring a bone defect are treated
with DOP and the bone healing capacity is evaluated. Additionally, S1P effects are tested on
human bone samples to ensure a translation of this research also to human mechanisms.

This approach will not only improve our understanding of the impact of the S1P signaling
pathway on bone health but will also set the stage for potential therapeutic interventions by

identifying the key players in these interrelated processes.
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3 Material and Methods

3.1 Material

3.1.1 Devices

Table 1: List of used devices

Device

Company

Axiovert 100 Microscope

BX51 Transmitted Light Microscope
Cell counter EVE TM Plus

Centrifuge 1K15

Centrifuge 5810 R

CKX54 Cell Culture Microscope

CO2 Incubator HERAcell vios 250i
Column oven CTO-40C

Degassing Unit DGU-405

GalliosTM 10/3 flow Cytometer
Handheld Drilling Device Ultimate 450
Leica CM1850 Cryostat

LSM 880 Airyscan

Mass spectrometer LCMS-8050
Material Testing System EZ Test - SX
Microplate reader, CLARIOstar Plus
Nanodrop One

Nitrogen-generator NGM 22-LC
Objective U Plan FLN 4x

Objektiv Plan-Apochromat 10x/0,45 M27
Real-Time System CFX96™

Rotary Pump E2M28

SC180 camera

SkyScan x-ray Microtomograph 1072

Carl Zeiss Microscopy, Jena, Germany
Olympus, Shinjuku, Japan

NanoEntek, Seoul, South Korea
Sigma-Aldrich, St. Louis, USA
Eppendorf, Hamburg, Germany
Olympus, Shinjuku, Japan

Thermo Fisher Scientific, Waltham, USA
Shimadzu, Kyoto, Japan

Shimadzu, Kyoto, Japan

Beckmann Coulter, Brea, USA
Nakanishi, Tochigi, Japan

Leica Biosystems, Wetzlar, Germany
Carl Zeiss Microscopy, Jena, Germany
Shimadzu, Kyoto, Japan

Shimadzu, Kyoto, Japan

BMG Labtech, Ortenberg, Germany
Thermo Fisher Scientific, Waltham, USA
CMC Instruments, Eschborn, Germany
Olympus, Shinjuku, Japan

Carl Zeiss Microscopy, Jena, Germany
BioRad, Hercules, USA

Shimadzu, Kyoto, Japan

Olympus, Shinjuku, Japan

SkyScan, Belgium
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Solvent Delivery Unit LC-40D X3
Stereomicroscope SMZ800
System controller SCL-40
Thermal Cycler C100™

UHPLC Autoinjector SIL-40CX3

3.1.2 Comsumables

Table 2: List of used comsumables

Comsumable

Shimadzu, Kyoto, Japan
Nikon, Minato, Japan

Shimadzu, Kyoto, Japan
BioRad, Hercules, USA
Shimadzu, Kyoto, Japan

Company

0.5 mL Reaction Tubes
1.5 mL Reaction Tubes
24 well cell culture plate
6 well cell culture plate

70 pm cell strainer

BD Microlance 318 G

BD Microlance 325 G

Cover Glass

Cryofilm type IlIC (16UF)
Epredia™SuperFrost Plus™Adhesion slides

High precision cover glasses

Microscope slides Histo Bond

Microtome Blade - N35
60 x 2.0 mm MultoHigh 100 RP18 column

0.9% NacCl solution

Omnifix-F Luer Solo Syringe - 1ml
Super Cryo Embadding Medium (SCEM)

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Miltenyi Biotec, Berglisch-Gladbach,
Germany

Becton Dickinson, Franklin Lakes, USA
Becton Dickinson, Franklin Lakes, USA
Engelbrecht, Ederminde, Germany

Section Lab, Yokohama, Japan

Menzel, Braunschweig, Germany

Paul Marienfeld, Lauda-Kénigshofen,
Germany
Paul Marienfeld, Lauda-Kénigshofen,
Germany

Feather, Osaka, Japan

CS Chromatography Service, Langerwehe,
Germany

Fresenius Kabi, Bad Homburg vor der Hohe,
Germany

B. Braun, Melsungen, Germany

Section Lab, Yokohama, Japan
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T-175 cell culture flask
T-25 cell culture flask
T-75 cell culture flask

Tissue culture dish 30 x 15mm

3.1.3 Chemicals and Reagents

Table 3: List of used chemicals and reagents

Chemical/Reagent

Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany
Sarstedt, Numbrecht, Germany

Sarstedt, Numbrecht, Germany

Company

10x PBS Buffer

2-Phospho L-Ascorbic Acid
4-Deoxy-pyridoxin hydrochlorid (DOP)
Alizarin Red S

Ammonium chloride

Axitinib

Azur-A-eosinate

Bovine Serum Albumin Fraction V (BSA)
Calcium chloride

Cetylpyridinium chloride

Collagenase type 1

Corn Oil

DAPI solution

Dimethylsulfoxid (DMSO)

di-Sodium hydrogen phosphate
Ethanol, 100% (EtOH)
Ethylenediaminetetraacetic acid (EDTA)
Fluoromount G

Formaldehyde 38%

Gelatin from porcine skin

Glycerin

Isoflurane

Methanol (MeOH)

AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA

LC Laboratories, Woburn, USA
Sigma-Aldrich, St. Louis, USA

Serva, Heidelberg, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, St. Louis, USA
AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham, USA
AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
AppliChem, Darmstadt, Germany
Pinama Critical care, Maharashtra, India

Carl Roth, Karlsruhe, Germany
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Methyl violet

Methylene blue chloride

Paraformaldehyde

Polyethylene Glycol 400

Polyvinyl pyrrolidone

Potassium bicarbonate

Potassium ferricyanide

Rimadyl (Carprofen)

Roti-Histofix 4.5%

Serum Host Animal (Normal Donkey Serum)
Silver nitrate

Sodium azide

Sodium carbonate

Sodium chloride

Sodium fluoride

Sodium thiosulfate

Sphingosine 1-Phospahte (D17:1; C17 S1P)
Sphingosine 1-Phosphate, D-erythro (S1P)
Sucrose

Tamoxifen

Triton X 100

TY-52168

Vitro-Clud®Embedding Medium
B-Glycerophosphate

Sigma-Aldrich, St. Louis, USA
Serva, Heidelberg, Germany
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
Zoetis, Parsippany, USA

Carl Roth, Karlsruhe, Germany
Biozol, Eiching, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, USA
Merck, Darmstadt, Germany

Enzo Life Sciences GmbH, Lérrach, Germany
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Cayman Chemical, Ann Abor, USA
Langenbrink, Emmendingen, Germany

Sigma-Aldrich, St. Louis, USA
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3.1.4 Kits

Table 4: List of used kits

Kit

Company

Ancillary Kit 2

Duo Set mouse Osteoprotegerin/TNFRSF
11b

innuPrep RNA isolation Kit

iQ™ SYBERGreen

Quantikine ELISA TANCE/RANKL
Quantikine ELISA VEGFa

RevertAidTM First Strand cDNA Synthesis Kit

3.1.5 Antibodies

Table 5: List of used antibodies

Antibody

R&D Systems, Minneapolis, USA
R&D Systems, Minneapolis, USA

Analytic Jena, Jena, Germany
BioRad, Hercules, USA

R&D Systems, Minneapolis, USA
R&D Systems, Minneapolis, USA
Thermo Scientific, Waltham, USA

Company

AlexaFluor 647 Donkey anti-rabbit IgG
AlexaFluor 594 Rabbit anti-rat IgG
CD31 AF-488

CD31 (MEC 13.3)

CD45.2 V500

Endomucin (V.7C7)

Endomucin (V.7C7) AF-647

FC Block

OSX AF-547

Rat IgG2a, « Isotye control

Ter 199 PE

Ultra-LEAF™Purified anti-mouse VEGF-A

Biolegend, San Diego, USA

Thermo Scientific, Waltham, USA
Biolegend, San Diego, USA

BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
Santa Cruz Biotechnology, Dallas, USA
Santa Cruz Biotechnology, Dallas, USA
Invitrogen, Waltham, USA

Santa Cruz Biotechnology, Dallas, USA
Biolegend, San Diego, USA

Miltenyi Biotec, Bergisch Gladbach, Germany
Biolegend, San Diego, USA
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3.1.6 Bacterial Strains and Cell Culture

Table 6: List of used bacterial and mammalian cells

Discription

Company

Staphylococcus aureus

Bone Marrow Endothelial Cells

3.1.7 Media, Buffer and Solutions

Media

Table 7: List of used media components and buffers

Component

ATCC, Manassas, USA
Cell Biologics, Chicago, USA

Company

0.05% Trypsin/EDTA
Antibiotic-Antimycotic (100 x) Solution
Ceftazidime

DMEM+GlutaMAX™1 g/L Glucose
DPBS, without Calcium and Magnesium
Endothelial Cell Basal Medium
Endothelial cell Medium Supplement Kit
Fetal bovine serum (FBS)
Gelatin-Based Coating Solution

HBSS

L-Glutamine

RPMI 1640

a-MEM Glutamax, nucleosides

Gibco Life Technologies, Carlsbad, USA
Gibco Life Technologies, Carlsbad, USA
Sigma-Aldrich, St. Louis, USA

Gibco Life Technologies, Carlsbad, USA
Gibco Life Technologies, Carlsbad, USA
Cell Biologics, Chicago, USA

Cell Biologics, Chicago, USA

Gibco Life Technologies, Carlsbad, USA
Cell Biologics, Chicago, USA

Gibco Life Technologies, Carlsbad, USA
Gibco Life Technologies, Carlsbad, USA
Gibco Life Technologies, Carlsbad, USA
Gibco Life Technologies, Carlsbad, USA
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Osteblast Proliferation Medium

Osteoblast Differentiation Medium

Bone marrow Endothelial Cell Medium

R10 Medium

DMEM+GlutaMAX™1 g/L Glucose
+10% FBS

+ 1% Antibiotic-Antimycotic Solution
+ 100 M 2 Phospho L Ascorbic acid
+ 25 pug/mL Ceftazidim

a-MEM Glutamax, nucleosides
+10% FBS

+ 1% Antibiotic-Antimycotic Solution
+ 4mM L-Glutamine

+ 100 M 2 Phospho L Ascorbic acid
+ 10 mM S4-Glycerophospahte

Endothelial Cell Basal Medium

+ 5% FBS

+ 1% Antibiotic-Antimycotic Solution
+ 4 mM L-Glutamine

+ 0.1% VEGF Supplement

+ 0.1% ECGS Supplement

+ 0.1% Heparin Supplement

+ 0.1% EGF Supplement

+ 0.1% Hydrocortisone Supplement

RPMI 1640
+10% FBS
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Human Bone Sample Medium

Buffer

FACS-Sheath (pH 7,4)

FACS-Buffer

ACK-Buffer

a-MEM Glutamax, nucleosides
+ 10% FBS

+ 1% Antibiotic-Antimycotic Solution

0.9 g NaCl

1.9 g Di-Natriumhydrogenphosphat
0.4 g EDTA

0.4 g KCI

0.2 g Na-dihydrogenphosphat

0.3 g Natriumfluorid

10 g BSA

Ad 1L PBS

1% BSA
0.1% Sodium-Azide
in PBS

150 mM Ammonium chloride
10 mM Potassium bicarbonate
0.1 mM EDTA

Adjust pH 7.2-7.4
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Solutions

Sucrose solution

Embedding medium

Blocking solution

Antibody solution

Antibody solution — Cell culture Staining

Alizarin Red Staining Solution

20% Sucrose
1% Polyvinyl pyrrolidone
in ddH,O

15% Sucrose

1.5% Polyvinyl pyrrolidone
8% Gelatin from porcine skin
in ddH,0

1% BSA

0.1% Triton X 100

5% Serum of Host animal
in PBS

1% BSA
0.1% Triton X 100
in PBS

2% BSA

0.5% Triton X 100
0.1 mM CaCl2

in PBS

0.1% Alizarin Red S
in PBS
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Sodium carbonate stock solution

Sodiumcarbonat-Formaldehyde Solution

Farmers Reducer

Tatrachrome-Stock solution

0.64 mM Sodium carbonat
in Hzo

150 mL Sodium carbonate stock solution

50 mL 38% Formaldehyde solution

200 mL 10% Natriumthiosilfate solution

10 mL 10% Potassium ferricyanide solution

0.1% Methylene blue chloride
0.16% Azur-A-eosinate
0.02% Methy violet

50% Methanol

50% Glycerin
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3.1.8 Primer

Table 8: List of used qPCR Primer

Gene Product/5°-3‘Sequence Company

Gapdh | Fw: AGGTCGGTGTGAACGGATTTG Eurofins Genomics, Ebersberg,
Rv: TGTAGACCATGTAGTTGAGGTCA Germany

Pdgfa Fw: GAGGAAGCCGAGATACCCC Eurofins Genomics, Ebersberg,
Rv: TGCTGTGGATCTGACTTCGAG Germany

Pdgfb Fw: CATCCGCTCCTTTGATGATCTT Eurofins Genomics, Ebersberg,
Rv: GTGCTCGGGTCATGTTCAAGT Germany

Vegfa Mm_Vegfa_1_SG  QuantiTect Primer | Quiagen, Hilden, Germany
Assay

Tgfb1 Mm_Tgfb1_1_SG  QuantiTect Primer | Quiagen, Hilden, Germany
Assay

Bglap Fw: GCGCTCTGTCTCTCTGACCT Eurofins Genomics, Ebersberg,
Rv: ACCTTATTGCCCTCCTGCTT Germany

Sparc Fw: GTGGAAATGGGAGAATTTGAGGA Eurofins Genomics, Ebersberg,
Rv: CTCACACACCTTGCCATGTTT Germany

Postn Fw: CCTGCCCTTATATGCTCTGCT Eurofins Genomics, Ebersberg,
Rv: AAACATGGTCAATAGGCATCACT Germany

Sp7 Fw: ATGGCGTCCTCTCTGCTTG Eurofins Genomics, Ebersberg,
Rv: TGAAAGGTCAGCGTATGGCTT Germany

Spp1 Fw: AGCAAGAAACTCTTCCAAGCAA Eurofins Genomics, Ebersberg,

Rv: GTGAGATTCGTCAGATTCATCCG

Germany

45



Material and Methods

3.1.9 Mouse Diets

Normal Chow

Normal Chow without vitamin B6

3.1.10 Software

Table 9: List of used Software

Software

Ssniff, Soest, Germany
67% (w/v) Carbohydrates
24% (w/v) Protein

9% (w/v) Fat

21 mg/kg Vitamin B6

Altromin, Lage, Germany
66% (w/v) Carbonhydrates
24% (w/v) Protein

10% (w/v) Fat

0.033 mg/kg Vitamin B6

Company

LabSolutions 5.114

GraphPad Prism 9
TrapeziumX

OriginPro 2020b 9.7.5.184
Image J 1.52

CTAnalyzer (version 1.18.9.0+)

NRecon software (version 1.6.9.4

Shimadzu, Kyoto, Japan
GraphPad Software, Boston, USA
Shimadzu, Kyoto, Japan
OriginLab, Northampton, USA
Schindelin et al. 20123%°
SkyScan, Belgium

SkyScan, Belgium
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3.2 Methods

3.2.1 Animals

All animal experiments were performed in accordance with the directive 2010/63/EU
of the European Parliament and the Council on the protection of animals used for
scientific purposes and approved by the LANUV (Landesamt far Natur, Umwelt
und Verbraucherschutz North Rhine Westphalia, Recklinghausen, Germany) Az.
81-02.04.2020.A007 and AZ 81-02.04.2020.A075 . Animals were bred and housed in the
animal facility of Heinrich-Heine University Disseldorf, Germany (Zentrale Einrichtung fur

Tierforschung und wissenschaftliche Tierschutzaufgaben, ZETT).

Mouse Strains

Table 10: List of used Mouse Strains

Mouse Strain Origin

C57BL/6d Charles River Laboratories, Wilmington, USA

Sgpl1/loz/flor gbtb-CreERT2 Andreas  Billich, Novatis, Basel,
Switzerland®'

S1PR3*/+ Richard Proia, NIH, Bethesda, USA'%*

S1PR3~/~ Richard Proia, NIH, Bethesda, USA'%*

S1PR2*/+ Jerold Chun, Scripps Research Institute, San
Diego USA3?2

S1PR2-/- Jerold Chun, Scripps Research Institute, San

Diego, USA3%

Tamoxifen Induction of Cre-Recombinase

The Cre recombinase system under the control of the actb-CreERT2 promotor in the
Spgl1flez/flor Gret/= (in the following Cre™) animals was induced via Tamoxifen injection
(dissolved in 90% corn oil and 10% ethanol) at 8-10 weeks of age. Tamoxifen was injected
intraperitoneal in a concentration of 40 mg/kg/d for five consecutive days. Sgpl/1/tos/flox
Cre~/~ (in the following Cre~) animals serve as controls and received tamoxifen injections

accordingly. Experiments started eight weeks after tamoxifen injections.
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DOP Treatment

4-deoxypyridinoline (DOP) was given to the mice by drinking water ad libido in a
concentration of 3 mg/L or 180 mg/L. Low dose DOP-treated animals were fed with a
vitamin 6 reduced diet (Altromin, Lage, Germany). The treatment was given for 2, 3 or
6 weeks. Specific DOP treatment durations and concentrations are stated in the figure

legends.

Axitinib Treatment
Axitinib was given daily via intraperitoneal injection in a concentration of 25 mg/kg/d for
6 weeks. Control animals received vehicle injections (40% Polyethylenglycol 400, 60%

acidified Water) at equal volumes.

Post-Traumatic Osteomyelitis Model

A model of post-traumatic osteomyelitis was created using twelve-week-old C57BL/6J
animals or STPR3~/~ and the corresponding S1PR3*/* control animals. The animals
were deeply anesthetized with isoflurane. The tibial plateau was exposed through a skin
incision. A cortical defect was introduced by drilling a 1 mm hole using the handheld drilling
device Ultimate 450 (Nakanishi, Tochigi, Japan). To replicate an infection similar to that
observed during osteomyelitis, 1000 CFUs of Staphylococcus aureus were injected into
the bone defect. The hole has been sealed with bone wax. The infection was allowed
to incubate for two weeks to simulate the processes that occur during osteomyelitis.
Subsequently, the bone was exposed again through a skin incision and the infected and
necrotic bone tissue was removed. After thorough cleaning with sterile NaCl solution, the
wound was closed once again. Immediately after the second surgery, treatment with 180
mg/mL DOP was started. Control animals underwent the same surgical procedure. Tibiae
were collected for ;CT analysis to assess bone healing capacity.

The procedure was carried out at the surgical unit of the animal facility located at
Heinrich-Heine University Disseldorf, Germany (Zentrale Einrichtung fir Tierforschung
und wissenschaftliche Tierschutzaufgaben, ZETT). The surgical procedures were
performed in collaboration with Dr. med. Johannes M. Wagner, Department of Plastic

Surgery, BG University Hospital Bergmannsheil Bochum, Germany.
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Human Bone Specimen

All procedures were conducted according to regulations of the local ethical committee.
Prior to participation, informed and written consent was obtained. Bone specimens from
patients undergoing surgery for post-traumatic tibial osteomyelitis were provided by Prof.
Bjorn Behr, Department of Plastic Surgery, BG University Hospital Bergmannsheil Bochum,
Germany. Specimens were collected during segmental resection and bone transport.
After verification of the absence of acute infections and bacterial colonization, baseline
bone volume data were collected using 4CT analysis. Bone samples were then cultivated
in human bone sample medium at 37°Cand 5% CO, for four weeks in the presence
or absence of 0.2 mM DOP. In order to ensure comparability, both the treated and the
untreated samples were taken from the same patient.

Samples were cultivated over a period of 28 days with a daily change of medium and
addition of DOP treatment. After the incubation period, bone volume was once again

obtained using uCT and compared to baseline values.

3.2.2 Cell Culture

Osteoblast Isolation

For the isolation of primary osteoblasts (pOBs) C57BL/6J, STPR3*/* and S1PR3~/~
mice were used. Primary osteoblasts isolation was adapted to Declercq et al.2*® Shortly,
nine-day-old mice were sacrificed and hind limb tibiae and femurs isolated. The bones
were cleaned thoroughly and all surrounding tissue was removed. Epiphyseal regions and
joints were removed and the diaphysis of femurs and tibiae was flushed using pre-warmed
HBSS to remove the bone marrow. The bones were cut into 1-2 mm long pieces and
placed on a 3 cm petri dish. After drying the dish for 15 minutes at 37 °C, bone pieces stuck
to the dish and could carefully be covered with osteoblast proliferation medium, containing
2-phospho L-ascorbic acid to enhance osteoblast differentiation from mesenchymal cells in
the bone. Cells were cultivated at 37 °C, 90% humidity and 5% COs..

After 7-10 days, the cells reached confluence. Cells were washed twice with pre-warmed
DPBS and detached using 0.05% Trypsin/EDTA. After detachment of the cells, new
medium was added and cells were transferred to a T25 culture flask and expended further.

Cells were used up to passage 4. For experiments, cells were seeded at 2x10* cells/cm?
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and cultivates in osteoblast differentiation medium.

Bone Marrow Endothelial Cells

Primary mouse Bone Marrow Endothelial Cells (BMEC) isolated from C57BL/6J mice
were obtained from cell Biologics (Chicago, USA). For cultivation, cell culture flasks
were pre-coated with gelatin base solution for 5 minutes. Cells were cultured in Bone
Marrow Endothelial Cell Medium at 37 °C, 90% humidity and 5% CO,. At confluence,
cells were washed with DPBS and detached using 0.05% Trypsin/EDTA. The cells were
splitted in a 1:2 ratios and used up to passage 5. For experiments, cells were seeded at

2.1x10% cells/cm?.

Treatments

For RNA isolation and collection of supernatants, pOBs were seeded on a 6 well culture
dish. After attachment, proliferation medium was substituted for osteoblast differentiation
medium. S1P, dissolved in MeOH, was used in a concentration of 1 M for treatment
of pOBs for 6 or 24 hours. The S1P receptor 3 antagonist TY-52156 was dissolved in
DMSO and 10 uM treatment was performed 30 minutes prior to the S1P stimulation.
The corresponding solvent controls were added to control cells to exclude effects of the
solvents.

For alizarin red staining, cells were seeded in a 24 well culture plate and incubated for
21 days is osteoblast differentiation medium. 1 M S1P was spiked daily, the according
solvent is spiked to control cells. For blockade of VEGFa, Ultra-LEAF™Purified anti-mouse
VEGF-A Antibody (BioLegend, San Diego, USA) was used in a concentration of 1 ug/mL.
Rat IgG2a, ~ (BioLegend, San Diego, USA) was used as the corresponding isotype control.
To assure sufficient nutrient supply, 50% of the medium was refreshed every other day.

For treatment with pre-conditioned medium, pOBs were cultured in T175 cell culture flasks
and stimulated with 1 M S1P or solvent control for 7 days in osteoblast differentiation
medium. Media were collected and added to BMECs seeded in 6 well culture dishes for two
hours. Purified anti-mouse VEGF-A Antibody or Rat IgG2a, « isotype control (BioLegend,

San Diego, USA) were used in a concentration of 1 ug/mL.

50



Material and Methods

Co-culture and Staining

For direct co-culture experiments, BMEC were seeded on gelatin-coated cell culture dishes
at a concentration of 1.25x10% cells/cm? in bone marrow endothelial cell medium 24 hours
before the addition of pOBs. The cells were then washed thoroughly and pOBs were added
at a concentration of 0.83x10* cells/cm? in pOB Differentiation Medium supplemented with
Endothelial Cell Growth Supplements (Cell Biologics, Chicago, USA).

Cells were cultured for 72 hours with daily addition of 1 M S1P or vehicle control. Images
were captured at 24, 48 and 72 hours using a CKX54 microscope (Olympus, Shinjuku,
Japan).

After 72 hours, cells were thoroughly washed in PBS and fixed with 4% PFA for 20 minutes.
After three additional washes, cells were stained with fluorescently labeled antibodies
against CD31 (AF-488, Biolegend, San Diego, USA, 1:100) and OSX (AF-548, Santa Cruz
Biotechnology, Dellas, USA, 1:100) in a cell culture staining solution containing 0.5% Triton
X, 0.1 mM CaCl2 and 2% BSA in PBS for 2 hours. After three additional PBS washes, DAPI
solution (0.5 ug/mL; Thermo Fisher Scientific, Waltham, USA) was added for 5 minutes,
followed by thorough washing with PBS and mounting with FlouromountG (Thermo Fisher
Scientific, Waltman, USA). Fluorescence images were captured using a Zeiss 880 LSM

confocal microscope (Carl Zeiss, Jena, Germany).

Alizarin Red

Alizarin Red staining was used to identify the calcification of pOBs. Cells were washed
twice with PBS and fixed with 100% EtOH for 15 minutes. After two additional PBS washes,
Alizarin Red staining solution was added to the cells for 20 minutes at room temperature.
To remove the residual staining solution, the cells were washed with ddH2O until unspecific
staining was washed out completely. After air-drying of the cells, images were acquired
using the stereomicroscope SMZ800 (Nikon, Minota, Japan). For quantification of the
staining, Alizarin Red was extracted using 100 uL 100 mM cetylpyridinium chloride for
two hours under constant shakingAbsorbance was measured in a 96-well plate at 570 nm

using a CLARIOStar Plus microplate reader (BMG Labtech, Ortenberg, Germany).
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3.2.3 Enzyme-linked Inmunosorbent Assay (ELISA)

Enzyme-linked Immunosorbent Assays (ELISA) were performed using mouse plasma
samples or cell culture supernatants. Blood plasma was collected using whole blood
with EDTA added as and centrifuged at 1500 xg for 10 min at 4°C. Blood plasma was
collected. For in vitro analysis, primary osteoblast cell culture supernatants were collected
after 24 h or 21 days of treatment. All used ELISA kits are listed in Table 4 and performed
according to the manufacturer’s protocol. Absorption was measured using a CLARIOStar

Plus microplate reader (BMG Labtech, Ortenberg, Germany).

3.2.4 AQuantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)

RNA isolation

RNA was isolated using the innuPREP RNA Mini Kit 2.0 (Analytic Jena, Jena, Germany)
according to the protocol for RNA extraction from eukaryotic cells. For isolation,
experiments were performed using 6-well tissue culture plates. Cells were harvested using
400 L Lysis solution and RNA was extracted immediately according to the protocol.

RNA concentrations were determined using the Nanodrop ONE (Thermo Fisher Scientific,

Waltham, USA).

First Strand Complementary DNA (cDNA) Synthesis

cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, USA). Shortly, RNA concentration was adjusted to
200 ng per reaction and diluted using nuclease free water. Oligo(dT)18 primers were used
for synthesis. PCR reactions were performed using the Thermo Cycler T100 (BioRad,

Hercules, USA).

qRT-PCR Reaction
Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was performed
using the iQ SYBR Green Supermix (BioRad, Hercules, USA). Each reaction was prepared

according to Table 11. Used primers are listet in Table 8.
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Table 11: Reaction mixture used for quantitative reverse transcriptase polymerase chain reactions

Component 718
cDNA 1uL
Forward Primer 0.5 uL
Reverse Primer 0.5 uL
H20 8 uL
iQ SYBR Green Supermix 10 pL
Total reaction volume 20 pL

The reaction was carried out using the C100TermalCycler/CFX96 RealTime System

(BioRad, Hercules, USA) and reactions were run according to Table 12.

Table 12: Reaction protocol used for quantitative reverse transcriptase polymerase chain reactions

Step Temperature (°C) | Time (min:sec) No. of Cycles
Initial Denaturation 95 10:00 1
Denaturation 95 00:10

Hybridization 55 00:10 40

Elongation 72 00:30

Fluorescence detection

Denaturation 95 00:10 1

Gene expression was analyzed normalizing to Gapdh expression. Relative gene
expression values were calculated according to the 22T method, fold change expression

values were calculated according to the 2"22CT method.354:3%

3.2.5 Micro Computer Tomography (.CT)

Quantitative analysis of all bone samples was performed using a SkyScan X-ray
Microtomograph 1072 (SkyScan, Belgium). The specimens were placed in a plastic tube
and the images were acquired at 70 kV and 114 pA using a 180° circular acquisition with
0.45° steps between the projections. Bone was acquired with a pixel size of 11.32 um for

trabecular bone volume analysis and evaluation of osteomyelitis defects. For the analysis
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of cortical bone thickness and human bone samples, a pixel size of 18.88 m was used.
NRecon software (version 1.6.9.4; SkyScan, Belgium) was used to reconstruct the images.
Hydroxyapatite standards with densities of 250 mg/cm?® and 750 mg/cm?® were used for
density calibration. Appropriate corrections were made to adjust the grayscale values
according to these standards.

Trabecular bone volume was calculated in a region covering a region of 1.427 mm
slides, starting 0.566mm from the growth plate. Cortical thickness was calculated in the
mid-diaphysis. For the calculation of Ct.Ar./Tt.Ar., a region of 0.955 was analyzed in the
mid-diaphysis. Cortical defects in the osteomyelitis model are analyzed in a region of 4.530
mm surrounding the defect area. Lamellar bone is measured with a threshold of 60, while
newly formed bone callus is analyzed with a threshold of 50. To calculate the total bone
volume of human bone samples, the total tissue area was calculated using a threshold of
37. All analyses were performed using CTAnalyzer (version 1.18.9.0+; SkyScan, Belgium).
The analysis was performed in accordance with the guidelines for assessment of bone

microstructure in rodents using micro-computed tomography.3°®

3.2.6 3pbt

Mechanical testing of bones was performed using the Material Testing System Shimadzu
EZ Test EZ-SX device (Shimadzu, Kyoto, Japan). Femora were placed on two supportive
points 5 mm from each other and a loading point was placed to the mid-diaphysis. A
constant loading of 3 mm/min was applied using a 500-N load cell until failure occurs at
the loading site. Load and displacement were measured every 5 ms using the TrapeziumX
Software (Shimadzu, Kyoto, Japan). For analysis, the OriginPro 2020b 9.7.5.184 software
was used. Ultimate force (strength) is calculated from the load-displacement curve as the

point where the failure occurs, the stiffness is calculated using the slope of the curve.
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3.2.7 Histology

Specimen Preparation

For histological staining, tibiae were embedded in Super Cryo Embedding Medium (SCEM,
Section Lab, Yokohama, Japan) and snap frozen using liquid nitrogen immediately after
preparation. Cryosections were prepared according to Kawamoto et al3%”  Shortly,
specimens were sectioned in a cryostat CM1850 (Leica Biosystems, Wetzlar, Germany)
using a N35 blade. To assure the accuracy of uniform 5 pum thick sections, cryofilm type
[lIC (Section Lab, Yokohama, Japan) was used. The cryofilm was applied to the exposed
bone in the cryoblock und quickly attached using light pressure before cutting. Sections

were glued to a microscope slide and air-dried overnight before staining.

Von Kossa/NcNeil staining

Prior to staining, samples were dehydrated in 100% ethanol for five minutes and fixed
in 4% PFA solution for additional five minutes. To remove residual fixative, slides were
washed thoroughly in ddH,O and then incubated in 5% silver nitrate solution for ten
minutes in the dark. Slides were washed with ddH,O followed by incubation in sodium
carbonate/formaldehyde solution for two minutes. Staining was enhanced by incubation
in former’s reducer for one minute, followed by thorough washing with tap water for
20 minutes.

Samples are then counterstained with 5% tetrachrome solution in water for 20 minutes,
followed by two washes with 70%, 95% and 100% ethanol, respectively. Specimens were
embedded in Vitro-Clud®Embadding Medium (Langenbrink, Emmendingen, Germany) and
images were captured using the transmitted light microscope BX51 (Olympus, Shinjuku,
Japan) with a SC180 camera (Olympus, Shinjuku, Japan) and U Plan FLN 4x Objective
(Olympus, Shinjuku, Japan).

The bone marrow region was selected for analysis of bone volume per total volume.
Automated thresholding using Imaged 1.52 was used to distinguish calcified bone from the

bone marrow.
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3.2.8 Endomucin Staining of Thick Femoral Sections

Specimen preparation

For thick sections of bone used for immunofluorescent staining, bones were fixed in
4.5% PFA overnight at 4°Cafter preparation. For decalcification, bones were transferred
to 0.5 M EDTA and incubated at 4°Covernight, followed by overnight incubation in
20% Sucrose and 1% Polyvinylpyrrolidone solution. Bones were finally embedded in
cryoembedding medium (8% Gelatine, 15% Sucrose, 1.5% Polyvenylpyrrolidone) using dry
ice. For sectioning N35 blades were used and 40 um thick sections were obtained using a

cryostat CM1850 (Leica Biosystems, Wetzlar, Germany).

Staining

Sections were air dried and rehydrated in PBS for 15 minutes, followed by fixation in
ice-cold methanol for 5 minutes. After removal of residual fixative with three 5-minute PBS
washes, sections were blocked with blocking solution containing 5% host animal serum
and 0.1% Triton X in PBS for 1 hour at room temperature. Primary endomucin antibody
(1:100; Santa Cruz Biotechnology, Dallas, USA) was incubated overnight at 4°Cin antibody
solution containing 0.1% Triton X and 1% BSA in PBS. After three 5-minute washes,
secondary AlexaFluor 647 donkey anti-rabbit IgG antibody (1:1000; Biolegend, San Diego,
USA) was added to the antibody solution and incubated for 2 hours at room temperature.
After three 5-minute washes in PBS, sections were mounted with FlouromountG (Thermo

Fisher Scientific, Waltham, USA).

Image Acquisition
The Zeiss 880 LSM confocal microscope (Carl Zeiss, Jena, Germany) with a
Plan-APOchromat 10x objective (Carl Zeiss, Jena, Germany) was used for acquisition of

immunofluorescence images.

Image Analysis

To quantify the vessel area, length and branching points, automated analysis using
Imaged 1.52 was used. To unify the analysis, 3000 ym were measured starting from
the diaphyseal growth plate and the whole bone marrow area within this region was

analyzed. The measurement of the whole bone marrow area was conducted through
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manual thresholding, while the measurement of the vessel area was carried out using
a self-scripted macro. Additionally, automated threshold methods were utilized in the
process. The percentage of vessel area within the bone marrow of the analyzed region
was calculated.

Vessel length and branching points were quantified using conversion of the vasculature to
tubes and skeletonizing. The number of branching points was counted automatically, as
well as total vessel length using a self-scripted macro. Additionally, the average distance
between branching points was calculated. For analysis of Endomucin expression, the
mean fluorescence of the vascular area within 1000 uzm of the growth plate was measured

using automated thresholding. Detailed source codes are listed in the supplement.

3.2.9 CD31 Staining of Murine Post-Traumatic Osteomyelitis Samples and Human

Samples

Tibial samples collected from the post-traumatic osteomyelitis model and human bone
samples were fixed overnight in 4.5% PFA at 4°Cand decalcified overnight in 0.5 M EDTA
at 4°Cand embedded in paraffin. Bone sections were prepared at 9 um thickness. CD31
antibody (BD Biosciences, Franklin Lakes, USA) and anti-rabbit IgG conjugated to Alexa
Flour 594 secondary antibody (Thermo Fisher Scientific, Waltham, USA) were used for
immunohistology staining of the vasculature. Images were acquired using the Zeiss Axivert
100 (Carl Zeiss, Jena, Germany) microscope. Semi-automated pixel quantification was
conducted for quantification using Adobe Photoshop.®%8

Preparation of samples, staining, image acquisition and analysis of the prost-traumatic
osteomyelitis samples and human bone samples was carried out at the Department of

Plastic Surgery, BG University Hospital Bergmannsheil Bochum, Germany.

3.2.10 Flow Cytometric Analysis

Isolation of BMEC
To isolate bone marrow cell, one femur and one tibia was collected and adjacent tissue
was removed. The epiphyseal regions were removed to open the bone. For bone marrow

harvesting, a 0.5 mL microcentrifuge tube was prepared by inserting an 18 G needle
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through the bottom and placed in a 1.5 mL microcentrifuge tube. Afterwards the bones
were placed in the 0.5 mL tube and centrifuged for 1 minute at 2500 xg to collect the bone
marrow.

Collected bone marrow was resuspended in R10 medium and the suspension was digested
in the addition of 0.5 mg/mL col Type | for 10 minutes at 37°Cto obtain a single cell solution.
To remove residual cell clumps and bone tissue, the suspension was subsequently filtered
through a 70 um cell strainer and rinsed twice using R10 medium.

For lysis of red blood cells, the cells were collected by centrifugation for 5 minutes at 400 xg
and resuspended in ACK buffer. After incubation of 2 minutes at room temperature the

cells were washed in R10 medium.

Staining of BMECs

For flow cytometric analysis of the obtained bone marrow single cell solution, 1x10° cells
per sample were stained in 100 L FACS-Buffer. To avoid nonspecific antibody staining,
cells were preincubated using FC-Block (1:100, Invitrogen, Waltham, USA) for 5 minutes at
room temperature. The antibody solution was added and incubated for 45 minutes at 4°C.

The concentrations of the antibodies used are listed in Table 13.

Table 13: Antibodies and the corresponding dilutions used for the staining of cells for flow
cytometric analysis

Antobodyt Dilution
Ter119 PE 1:50
CD45.2 V500 1:125
CD31 AF-488 1:40
Emcn AF-647 1:50

The cell suspension was washed twice with the FACS buffer and resuspended in 200 L of

the FACS buffer for the acquisition.
Flow Cytometric Analysis
Cells were acquired using the Gallios™10/3 flow Cytometer (Beckmann Coulter, Brea,

USA). Bone marrow endothelial cells were identified as Ter119~, CD45~, CD31" and
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Emcn™.

3.2.11 S1P Measurements

Plasma Preparation

Blood plasma was collected using whole blood with EDTA added as anticoagulant. The
blood was centrifuged at 1500 xg for 10 min at 4°Cand blood plasma was collected.
50 uL plasma was resuspended in 250 mL MeOH and 10 pmol Cy; S1P were added as
internal standard for normalization. Samples were kept at -80°C overnight for precipitation.
Afterward, samples were centrifuged at 21,000 xg for 10 minutes and supernatants were

collected for S1P measurements.

BM Preparation

For the collection of bone marrow for S1P measurements, one femur was collected and
adjacent tissue was removes. The epiphyseal regions were removed to open the bone and
the bone was placed in a 0.5 mL centrifuge tube, prepared by inserting an 18 G needle
through the bottom and placed in a 1.5 mL microcentrifuge tube. To collect the bone
marrow, the tubes were centrifuged at 10,000 xg for 15 seconds.

For normalization, bone marrow was weighed and thoroughly resuspended in 200 uL
MeOH. 10 pmol C4; S1P standard was added for normalization. After overnight
precipitation at -80°C, the solution was centrifuged at 21,000 xg for 10 minutes and the

supernatants were collected for S1P measurements.

LS/MS-MS Measurements

Plasma S1P was detected with an LCMS-8050 triple quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan) with the following settings: A nebulizer flow rate of 3 L/min,
a interface temperature of 300°C, a desolvation temperature of 526°C, a heat block
temperature of 400°C and a drying gas flow rate of 10 L/min. The gradient separation was
carried out on a Nexera X3 UHPLC system (Shimadzu, Kyoto, Japan) using a 60x2.0 mm
MultoHigh 100 RP18 column (CS Chromatography Service, Langerwehe, Germany) at
a temperature of 40°C. The mobile phase gradients, as listed in Table 14 were used at

a flow rate of 0.4 mL/min. The data were analyzed with LabSolutions 5.114 (Shimadzu,
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Kyoto, Japan). The LC/MS-MS measurements and analysis were carried out by Dr. Philipp

Wollnitzke.

Table 14: Mobile phase gradients used for LC/MS-MS measurements

Time [min] MeOH dilution [%] | 1% aq. Formic | Curve
Acid dilutuin [%]

0 10 90 -2

3 100 0 0

12 100 0 0

12.01 10 0 0

3.2.12 Statistics

The results are presented as mean * standard deviation (s.d.). Statistical analysis was

performed using GraphPad Prism 9, with paired or unpaired t-test, one-way ANOVA or

two-way ANOVA followed by Tukey test. All statistical tests performed are stated in the

figure legends.

Groups were considered significant for P-values > 0.05.
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4 Resulis

4.1 DOP-Mediated S1P Lyase Inhibition Leads to the Accumulation of
S1P Within the Body

The primary goal of this study was to unravel the S1P-mediated changes in bone
vasculature and the connection to bone regeneration in adult mice. Therefore, 20-week-old
male C57BL/6J mice were treated with 4-deoxydiridoxine (DOP) for three and six weeks,
respectively. DOP is a well-known S1P lyase inhibitor and vitamin B6 antagonist''?
and therefore, prevents the irreversible degradation of S1P to 2-trans-hexadecenal and
phosphoethanolamine.®’

As expected, the administration of DOP led to a 1.5-fold elevation of plasma S1P in mice
treated for three weeks compared to untreated control mice, which remains at a high level
after six weeks of treatment (Figure 6a). Additionally, a massive increase in local S1P
levels within the bone marrow could be detected (Figure 6b) upon DOP treatment. This
ultimately leads to a 30-fold increase in the ratio of bone marrow S1P compared to plasma

S1P (Figure 6c¢).
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Figure 6: Global and local S1P levels rise upon pharmacological S1P lyase inhibition through DOP
treatment. S1P levels in (a) plasma (n=12/12/12) and (b) whole bone marrow (n=4/5/4) from C57BL/6J
animals after three and six weeks of 3 mg/L DOP administration and control animals measured using
LC-MS/MS. (c) Bone marrow to plasma S1P ratio in these animals (n=4/5/4). Data are represented as
mean = s.d., One-way ANOVA was used for statistical analysis.
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4.2 S1P Lyase Inhibition Leads to an Increase in Vessel Density and a
Phenotypic Switch of Endothelial Cells Towards Pro-Osteogenic

H-Type Vessels

To examine the effects of the elevation of S1P levels within the body on the bone
vasculature, thick Endomucin-stained bone sections of C57BL/6J mice were analyzed after
three and six weeks of DOP treatment. An increase in total vessel area was detected after
three weeks of DOP treatment, further increasing up to 18% after six weeks (Figure 7a+b).
This was accompanied by increased vessel density and branching after three and six weeks
of DOP treatment (Figure 7c+e). Due to the increased branch number, the length between
branches was reduced after DOP treatment (Figures 7d).

To confirm the DOP-mediated effects, Sgp/1/>*/f1°* mice harboring a Cre inducible genetic
deletion of the S1P lyase (Sgp/1) under the control of the -actin promotor (actb-CreERT2)
were used. These mice were previously described to have elevated S1P levels in several
organs and blood.®®" The conditional deletion of the S1P lyase was archived through
tamoxifen administration to Cre™ mice, Cre™ mice receiving the same treatment served as
controls. Eight weeks after tamoxifen treatment, the bone marrow vasculature was analyzed
and a 23% increase in total vessel area accompanied by increased vessel density and
branching was observed (Figure 8a-e). These results confirm the effects observed after
DOP treatment.

Previously, a specific vessel phenotype, the H-type vessel, was extensively described.
These vessels were shown to associate with osteoprogenitor cells and secrete
pro-osteogenic factors, promoting bone growth.3'®  Characteristics of this vascular
phenotype include the high expression of two endothelial markers, CD31 and
Endomucin.®'83'®  To further evaluate the influence of S1P on the bone marrow
vasculature and the formation of H-type vessels, the mean fluorescence intensity (MFI)
of Endomucin-stained vessels after DOP treatment was evaluated. Indeed, fluorescence
intensities were increased by 25% after three and six weeks of treatment (Figure 9),

indicating a phenotypic switch towards the specialized H-type vasculature.

62



Results

Control 3 weeks DOP 6 weeks DOP

b 0.0003 c 0.0957
_ 0.1148 0.1216
S = i
© 0.0080 = <0.0001
g0y —— € 504 ——
3 o E
o £ 404 =
5 40 x =
£ > 30
P =
c 2 50
3 20 s 20
R T
] E 104
5 0- 8 o
g Control 3 wk 6 wk Control 3 wk 6 wk
g DOP DOP DOP DOP
d 0.0455 e 0.0197
0.0980 0.8202
0.9043 - 0.0241
40- £ 2000q —
€ H] E
=3 -
= 30+ Beem o 1500
) £
& 20 8 1000-
5 2
£ 10 ‘= 500
:
0- &5 0
Control 3 wk 6 wk Control 3wk 6 wk
DOP DOP DOP DOP

Figure 7: DOP treatment leads to an increase in vascular density and branching of the bone marrow
vasculature. (a) Representative images of thick Endomucin stained femoral sections of C57BL/6J control
animals and animals treated with 3 mg/L DOP for three and six weeks; scale bar = 500 zm (top) and 200 um
(bottom). (b) Quantification of vascular area/bone marrow area (n=12/12/5), (c) vascular density (n=12/12/6),
(d) branch length (n=12/12/7) and (e) number of branching points (n=12/12/6). Data are represented as
mean + s.d., One-way ANOVA was used for statistical analysis.
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Figure 8: Genetic deletion of Sgpl/1 leads to increased vascular density and branching in the
metaphyseal bone marrow vasculature. (a) Representative images of thick Endomucin stained femoral
bone sections of Sgpl1/to*/flox Cre— and Sgpl1flo*/flor Cret animals eight weeks after tamoxifen-induced
deletion of the S1P lyase. Quantification of (b) vascular area within the bone marrow area (n=11/7), (c) vessel
density (n=11/7), (d) branch length (n=11/7) and (e) number of branching points (n=11/7) within the bone

marrow area of the sections. Data are represented as mean = s.d., Two-tailed t-test was used for statistical
analysis.
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Figure 9: DOP treatment leads to an increase in Endomucin expression within the bone vasculature.
Mean fluorescence intensity (MFI) of Endomucin staining in the vessel area of thick Endomucin-stained
femoral sections (n=7/6/3) of C57BL/6J animals after three and six weeks of 3 mg/L DOP treatment. Data are
represented as mean * s.d., One-way ANOVA was used for statistical analysis.
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As CD31 staining of the bone vasculature diminishes with age,®'® flow cytometry was used
as a more sensitive method to further characterize isolated BMECs after three weeks of
DOP treatment. To do so, CD45~ and Ter119~ bone marrow cells were analyzed for
their expression of the endothelial markers CD31 and Endomucin (Figure 10a). The CD31
mean fluorescence intensity of ECs within the bone increased by 16% after DOP treatment
(Figure 10b). The mean fluorescent intensity of Endomucin showed a tendency to rise after
DOP treatment (Figure 10c). Together with the already detected increase in Endomucin
staining in Figure 9, this indicated a shift of the endothelial phenotype within the bone
marrow towards the H-type after DOP treatment. Additionally, an increase in total H-type
ECs per bone was identified, resulting in a 1.68-fold increase in the percentage of H-type
ECs of total BMECs (Figure 10d+e).
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Figure 10: DOP treatment leads to a phenotypic switch of bone marrow endothelial cells toward the
H-type. (a) Representative flow cytometry gating strategy of CD45~, Ter119—, CD31* and Endomucin
(Emcn)™ endothelial cells. Quantification of (b) CD31 mean fluorescence intensities (n=5/6), (c) Endomucin
mean fluorescence intensities (n=5/6), (d) number of CD31#*/Emcn’? endothelial cells per bone (n=5/6) and
(e) percentage of CD317{/Emcnf? endothelial cells per total bone marrow endothelial cells (n=5/6) in control
C57BL/6J animals and after three weeks of 3 mg/L DOP treatment. Data are represented as mean = s.d.,
Two-tailed t-test was used for statistical analysis.

In summary, these results show an S1P-mediated increase in the total bone vasculature

density and a phenotypic switch of BMECs towards a pro-osteogenic phenotype.
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4.3 The S1P-Mediated Formation of H-Type Vessels is Followed by an

Increase in Bone Volume and Strength

As H-type vessels were previously described to have pro-osteogenic effects,®'® the bone
volume and strength of DOP-treated mice were evaluated after three and six weeks of
DOP treatment. Analysis of the distal region of femoral bones of these mice using
micro-computed tomography (#CT) revealed a 1.9-fold increase in trabecular bone volume
per total tissue volume (BV/TV) after six weeks of treatment (Figure 11a+b). This increase
in bone volume is explained by an increase in trabecular thickness (Tb.Th.) (Figure 11c)
and trabecular number (Tb.N.) (Figure 11d). Additionally, a decrease in trabecular spacing
(Tb.Sp.) (Figure 11e) was observed. As the changes in the bone structure only occur
after six weeks of treatment, a phenotypic switch of the bone marrow vasculature precedes
changes in the bone structure. This possibly shows the induction of vessel-mediated bone
strengthening after DOP treatment.

To further confirm the increase in trabecular bone volume after DOP treatment, tibiae of the
same mice were analyzed using von Kossa/McNeal ‘s Tetrachrome staining. Quantifying
trabecular bone volume per total tissue volume (BV/TV) again showed an increase after six
weeks of DOP treatment. After three weeks of treatment, no changes could be detected
(Figure 12a+b).
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Figure 11: DOP-mediated changes in trabecular bone structures occur after six weeks of treatment.
(a) Representative uCT images of C57BL/6J control mice and after three and six weeks of 3 mg/L DOP
administration; scale bar=500 pm. Quantification of (b) bone volume/total volume (n=12/12/6), (c) trabecular
thickness (n=12/12/6), (d) trabecular number (n=12/12/6) and (e) trabecular spacing (n=12/12/6). Data are
represented as mean * s.d., One-way ANOVA was used for statistical analysis.
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Figure 12: DOP treatment increases trabecular bone volume in tibiae. (a) Representative images of
tibia sections of C57BL/6J control mice and after three and six weeks of 3 mg/L DOP treatment stained with
Van Kossa/McNeil “s Tetrachrome staining; scale bar = 500 um. (b) Quantification of trabecular bone volume
per total tissue volume in these sections (n=4/4/5). Data are represented as mean = s.d., One-way ANOVA
was used for statistical analysis.

Femoral bones were further analyzed for changes in cortical thickening and strength.
Therefore, cortical thickness was measured using pCT analysis at the mid-shaft of the
bone. This revealed a thickening of the corticalis after three weeks, further increasing up
to 13% after six weeks of DOP treatment (Figure 13a+b). Additionally, the cortical area per
total tissue area (Ct.Ar./Tt.Ar.) was increased after three and six weeks of DOP treatment

(Figure 13b).
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Figure 13: DOP leads to an increase in cortical thickness and area after three and six weeks
of treatment. (a) Representative CT images of cortical sections at the mid-shaft of femora of control
C57BL/6J animals after three and six weeks of 3 mg/L DOP administration. (b) Quantification of cortical
thickness (n=12/8/5) and cortical area per total tissue area (n=12/8/5). Data are represented as mean + s.d.,
One-way ANOVA was used for statistical analysis.

As the corticalis provides the bone with strength and stability,?'® a rise in thickness indicates
increased bone stability. To test this, a three-point bending test was used to apply
mechanical stress to the bone. After three weeks, bone stiffness slightly increased, leading
to significantly increased bone stiffness after six weeks of DOP treatment (Figure 14a+b).
After six weeks of treatment, an increase of 16% of the ultimate force was needed to reach
the point of bone failure, clearly indicating an increase in bone strength due to elevated S1P

levels (Figure 14c).
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Figure 14: Bone strength increases after six weeks of DOP treatment. (a) Representative force/deflection
graphs resulting from a three-point bending test of femora from C57BL/6J control animals and after three and
six weeks of 3 mg/L DOP administration. Quantification of (b) stiffness (n=12/8/8) and (c) ultimate force
(n=12/8/8). Data are represented as mean = s.d., One-way ANOVA was used for statistical analysis.

The previous investigations only focused on male mice. Therefore, the sex-independent
effects of DOP treatment were evaluated by treating female C57BL/6J animals with DOP
for six weeks and the most critical parameters were assessed. After DOP treatment, an
increase in BV/TV, Tb.Th. and Tb.N. and a decrease in Th.Sp. were observed in the
femoral bone (Figure 15a). In addition, an increase in vessel area and vessel area/bone
marrow area was observed in these mice after DOP treatment (Figure 15b). These
results emphasize the sex-independent effects of DOP treatment on bone and vascular
parameters.

Due to the need for constant remodeling during bone formation, several cell types and
factors are involved in this process.2'® Therefore, the influence of DOP treatment on bone
formation and resorption markers was assessed. Evaluating these markers in blood plasma
revealed DOP-mediated changes in RANKL as a bone resorption marker and OPG as a
bone formation marker (Figure 16a+b). S1P led to increased bone formation and decreased
bone resorption as demonstrated by a 59% reduced RANKL/OPG Ratio (Figure 16c) after
DOP treatment.

In summary, these results show S1P-mediated changes in bone density and strength after a
phenotypic switch of the vasculature occurred. This indicates that the changes in the bone
are mediated through the bone vasculature. DOP led to both increased bone formation and
decreased in bone resorption, ultimately leading to vessel-mediated strengthening of the

bone after six weeks.
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Figure 15: DOP mediates sex-independent changes in bone volume and vessel density. BV/TV,
Tb.Th., Th.N. and Tb.Sp. of female C57BL/6J mice after 3 mg/L DOP treatment for six weeks and control
animals(n=3/4) and (b) vessel area and vessel area per bone marrow area assessed by Endomucin staining
(n=3/3). Data are presented as mean * s.d., and a two-tailed t-test was used for statistical analysis.
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Figure 16: DOP leads to reduced bone resorption and increased bone formation marker levels.
Quantification of plasma (a) RANKL (n=4/5/4) and (b) OPG (n=4/5/4) levels of C57BL/6J control mice and
after three and six weeks of 3 mg/L DOP treatment as assessed by ELISA (c) and the resulting RANKL/OPG
plasma ratio (n=4/5/4). Data are represented as mean * s.d., One-way ANOVA was used for statistical
analysis.
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4.4 Elevation of S1P Levels Leads to Increased VEGFa Plasma Levels

Due to Stimulated Production and Secretion by Osteoblasts

VEGFa is known as an important regulator of angiogenesis and bone healing.'8%328
Therefore, VEGFa plasma levels were measured in C57BL/6J mice after DOP treatment
and in Sgpliflox/flox mice after tamoxifen-induced knockout of the S1P lyase. After DOP
treatment, a slight increase in VEGFa plasma levels was detected after three weeks, further
increasing up to 20% after six weeks (Figure 17a). The S1P-mediated effect could further
be validated using Sgp/1/!*/fl** Cre* mice in comparison to their Cre~ littermate controls

(Figure 17b).
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Figure 17: Pharmacological S1P lyase inhibition and genetic Sgp/1-knockout lead to an increase in
plasma VEGFa levels.(a) Plasma VEGFa levels of C57BL/6J control mice and after three and six weeks of
treatment (n=12/12/11) and (b) plasma VEGFa levels of Sgp/17!o=/floz Gret mice and their littermate Cre™
controls eight weeks after tamoxifen-induced knockout (n=9/8) assessed by ELISA. Data are represented as
mean * s.d., One-way ANOVA (a) or two-tailed t-test (b) was used for statistical analysis.

To identify which cells are responsible for the elevation of VEGFa levels, gene expression
and protein secretion in the supernatant of primary BMECs and primary OBs were
assessed. \Vegfa gene expression was weak in BMEC and considerable in pOBs
(Figure18a). This could be confirmed by measuring protein secretion. VEGFa was
not detectable in the supernatant of BMEC, whereas VEGFa secretion after 24 hours of

cultivation was detected in pOBs (Figure 18b).
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Figure 18: VEGFa is expressed and secreted by primary osteoblasts. (a) Relative gene expression of
Vegfa in BMEC and pOBs normalized to Gapdh (n=12/6). (b) VEGFa levels in cell culture supernatants of
BMECs and pOBs after 24 hours of cultivation (n=6/5) were measured using ELISA. Data are represented as
mean = s.d., n.d. = not detectable.

After identifying pOBs as a source of VEGFa within the bone, pOBs were treated with
1 uMS1P to mimic the DOP-mediated S1P elevation in vitro. After six hours of S1P
treatment, an increase in Vegfa gene expression was detected (Figure 19a), resulting in
a 1.81-fold elevation of VEGFa protein secretion as detected in the supernatant of these
cells after 24 hours (Figure 19b). To evaluate the long-term effects, pOBs were treated with
1 uM S1P daily for 21 consecutive days. VEGFa levels in the supernatant remained high,
with a 1.49-fold elevation after 21 days of treatment (Figure 19c), indicating continuous

VEGFa production and enhancement of expression after S1P treatment.
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Figure 19: S1P treatment leads to increased Vegfa expression and VEGFa protein secretion in pOBs.
(a) Fold change Vegfa expression in pOB after six hours of 1 uM S1P treatment compared to vehicle-treated
controls (n=7/7). (b) Fold change VEGFa levels in the supernatant of 1 uM S1P treated pOBs after 24 hours
(n=9/9) and after (c) long-term treatment of 21 days with daily addition of 1 M S1P (n=4/4) measured with
ELISA. Data are represented as mean = s.d., Paired two-tailed t-test was used for statistical analysis.
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4.5 S1P Leads to VEGFa-Mediated pOB Calcification and Expression

of Pro-Osteogenic Factors in Endothelial Cells and Osteoblasts

S1P was previously described to enhance osteoblast calcification.?*” To test these effects
on mouse pOBs, these cells were cultivated in a pro-osteogenic medium and treated daily
with 1 M S1P to stimulate the formation of calcified nodules. The previously S1P-mediated
effects were confirmed using Alizarin Red staining as an indicator for calcification. After
S1P treatment for 21 days, a 1.2-fold increase in staining was detected, displaying elevated

calcification of pOBs (Figure 20a+b).
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Figure 20: S1P treatment increases calcified nodule formation in pOBs. (a) Representative images
of differentiated pOBs after 21 days of culture with daily addition of 1 uM S1P or vehicle control. Calcified
nodules are stained using Alizarin Red, scale bar = 1mm. (b) Quantification of Alizarin Red staining of these
pOB cultures after dissolving in cetylpyrridoumchloride (n=3/3). Data are represented as mean + s.d., Paired
two-tailed t-test was used for statistical analysis.
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As previously described, the secretion of VEGFa is elevated in pOBs after S1P treatment.
To test the involvement of VEGFa in osteoblastic calcification, a VEGFa-blocking antibody
or its isotype control was added to pOBs during S1P treatment for 21 days. The expected
increase in calcification, indicated by Alizarin Red staining, was observed after S1P
treatment in the presence of the isotype control antibody. The addition of a VEGFa-blocking
antibody prevented the S1P-mediated increase in calcification (Figure 21a+b).

These findings indicate a dependency on VEGFa in S1P-mediated calcification of pOBs.

Additionally, the osteoblastic-secreted VEGFa seems to act intrinsically, enhancing pOB

calcification.
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Figure 21: S1P-mediated pOB calcification is VEGFa dependent. (a) Representative images of
differentiated pOBs after 21 days of culture with daily addition of 1 ©M S1P or vehicle control in the presence of
1 ng/mL VEGFa blocking antibody or its Isotype control. Calcified nodules are stained with Alizarin Red; scale
bar = Tmm. (b) Quantification of Alizarin Red staining after dissolving with cetylpyrridoumchloride in these
cultures (n=5/5/5/5). Data are represented as mean = s.d., Paired Two-way ANOVA was used for statistical
analysis.

As VEGFa is a well-known stimulator of ECs,'® the effect of the pOB-secreted VEGFa was
evaluated in BMECs. To do so, pOBs were cultivated with and without daily S1P treatment
for seven days and the pre-conditioned medium was added to BMECs. In the presence
of an isotype control antibody, the expression of pro-osteogenic factors Pdgfa, Pdgfb and
Tgfb1 was elevated in cells treated with S1P-preconditioned medium. This elevation was
blocked by a VEGFa-blocking antibody (Figure 22a-c), indicating a VEGFa-mediated switch

of ECs towards a pro-osteogenic type.
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Figure 22: Pre-conditioned pOB medium leads to the VEGFa-dependent expression of pro-osteogenic
factors in BMECs. Fold change gene expression of (a) Pdgfa (n=7/7/7/7), (b) Pdgfb (n=7/7/7/7) and (c) Tgfb1
(n=7/7/7/7) in BMECs after the addition of seven days precondition medium from vehicle-treated pOBs or
1 uMS1P treated pOBs for two hours. Additionally, 1 ug/mL VEGFa blocking antibody or its Isotype control
was added. Data are represented as mean = s.d., Paired Two-way ANOVA was used for statistical analysis.

To further evaluate the crosstalk between BMECs and pOBs, experiments were performed
where murine BMECs were co-cultured with murine pOBs. The formation of vascular-like
structures was observed after 24 hours of culture and the network continued to expand
for up to 72 hours of culture. The formation of these structures was not observed in
monocultures of BMECs or OBs (data not shown). In addition, the formation of this
vascular-like network was further enhanced by S1P treatment with an earlier onset of
structure formation and a more dominant branching structure formed (Figure 23a+b).

The observed results indicate a VEGFa-mediated intrinsic effect of S1P treatment on pOBs,
enhancing their calcification. Additionally, POB-secreted VEGFa after S1P treatment leads
to the expression of pro-osteogenic factors in BMECs, possibly further enhancing the
pro-osteogenic effects of S1P. The described results also demonstrate the formation of
vascular-like structures, indicating a positive impact of OB/BMEC crosstalk on the bone

vasculature.

76



Results

MeOH

1 uM S1P

MeOH

1 uM S1P

Figure 23: Co-culture of BMEC and pOBs enhances the formation of vessel-like structures.
(a) Brightfield images of pOB and BMEC co-cultures after 24, 48 and 72 hours of cultivation and
(b) fluorescence staining of CD31, OSX and DAPI after 72 hours of coculture with and without daily S1P
treatment; scale bar =300 pm.
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4.6 S1P-Mediated Changes in Bone Vasculature and Structure are

VEGF-Receptor Dependent

As a VEGFa-dependent effect on pOBs and BMEC after S1P treatment was demonstrated
in vitro, the influence of VEGF-receptor blockade on DOP-mediated vascular and bone
changes was additionally assessed in vivo. Therefore, Axitinib, a tyrosine kinase inhibitor
with the highest inhibitor capacity toward VEGFR1-3%° or vehicle control, was injected
intraperitoneally for six weeks with and without additional treatment with DOP.

An evaluation of the DOP-mediated vascular changes in thick Endomucin-stained femoral
sections showed a clear elevation of the vascular area and vessel density (Figure 24a-c).
The previous increase in branching points and decreased vascular length between
branches could not be detected (Figure24d+e). The DOP-mediated changes in the
vasculature were inhibited after additional administration of Axitinib (Figure 24a-c). This
clearly shows the necessity of VEGF-receptor signaling for the increase in bone vessel
density by S1P.

Evaluation of the trabecular bone of these animals using CT analysis revealed an increase
in BV/TV, Tb.N. and a decrease in Tb.Sp. after 6 weeks of DOP treatment (Figure 25a-e).
However, these changes were prevented with additional Axitinib treatment, further showing

the involvement of VEGF-receptor signaling in this process (Figure 25a-e).
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Figure 24: VEGF-receptor blockade prevents the DOP-mediated increase in vascular area and
branching. (a) Representative images of thick Endomucin stained femoral sections of C57BL/6J control
animals and animals treated for six weeks with 3 mg/L DOP in addition to 25 mg/kg/d of Axitinib or vehicle
control administration; scale bar = 500 pm (top) and 200 um (bottom). (b) Quantification of vascular area/bone
marrow area (n=8/12/12/12), (c) vascular density (n=7/12/12/12), (d) branch length (n=7/12/12/12) and (e)
number of branching points (n=7/12/11/12) within the bone marrow area. Data are represented as mean £s.d.,
Two-way ANOVA was used for statistical analysis.
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Figure 25: VEGF-receptor blockade prevents the DOP-mediated increase in trabecular bone volume.
(a) Representative uCT images of C57BL/6J control animals and animals treated with 3 mg/L DOP
for six weeks in addition to 25 mg/kg/d Axitinib or vehicle control administration. Quantification of
(b) bone volume/total volume (n= 9/12/10/12), (c) trabecular thickness (8/12/12/12), (d) trabecular number
(n=9/12/12/12) and (e) trabecular spacing (n=9/12/11/12). Data are represented as mean * s.d., Two-way
ANOVA was used for statistical analysis.
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To further evaluate the involvement of VEGF-receptor signaling in trabecular bone volume
formation after DOP treatment, tibiae of the same mice were analyzed using Von
Kossa/McNeil ‘s Tetrachrome staining. Evaluation of BV/TV of the trabecular area revealed
a 1.63-fold increase in trabecular bone volume after six weeks of DOP treatment. This was

prevented with receptor blockade through Axitinib administration (Figure 26a+b).
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Figure 26: VEGF-receptor blockade prevents the DOP-mediated trabecular bone volume increase
in tibiae. (a) Representative images of tibiae of C57BL/6J control animals and after six weeks of
3mg/L DOP treatment, with additional treatment of 25 mg/kg/d Axitinib or vehicle control stained with
Von Kossa/McNeil “s Tretrachrome staining; scale bar=500 um. (b) Quantification of trabecular bone volume
per total tissue volume in these sections (n=10/8/7/5). Data are represented as mean % s.d., Two-way ANOVA
was used for statistical analysis.

The involvement of VEGF-receptor signaling in cortical thickening was further assessed
using uCT analysis. Therefore, the cortical thickness of the previously described animals
was measured at mid-shaft. An apparent 14% increase in cortical thickness was observed
with DOP treatment alone. This effect was again completely inhibited with additional Axitinib
treatment (Figure 27a+b). Similar observations were made when evaluating the cortical

area per total tissue area in these samples (Figure 27c).

81



Results

Axitinib Axitinib + DOP

b c
0.4368 0.0112
<0.0001 0.6547 <0.0001 0.9529
350 —_ 604 —— —_—
g 540—
: E
K= -
e <
o 527
0_
+ - + DOP -+ - + DOP
Vehicle Axitinib Vehicle Axitinib

Figure 27: VEGF-receptor blockade prevents DOP-mediated thickening of cortical bone.
(a) Representative uCT images of cortical sections at the mid-shaft of femora of C57BL/6J control animals and
after six weeks of 3 mg/L DOP treatment in addition to 25 mg/kg/d of Axitinib or vehicle control administration;
scale bar= 500 um. (b) Quantification of cortical thickness (n=9/12/12/12) and (c) cortical area per total tissue
area (n=9/12/12/12). Data are represented as mean * s.d., Two-way ANOVA was used for statistical analysis.

To evaluate the influence of Axitinib treatment on bone strength, femoral bones were
tested using a three-point bending test. After DOP treatment alone, the bone displays a
1.27-fold increase in stiffness and a 42% increase in ultimate force needed until bone failure
occurs. VEGF-receptor blockade using Axitinib prevented the growth of both parameters
(Figure 28a-c). This indicates the necessity of VEGF-receptor signaling in DOP-mediated
bone strengthening.

In summary, it was shown that DOP-mediated changes in both the vasculature and the

increase in bone density and strength are VEGF-receptor dependent.
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Figure 28: VEGF-Receptor blockade prevents DOP-mediated strengthening of the bone.
(a) Representative force/deflection graphs resulting from a three-point bending test of femoral bones from
C57BL/6J control animals and after six weeks of 3 mg/L DOP treatment in addition to 25 mg/kg/d Axitinib
or vehicle control administration. Quantification of (b) stiffness (n=10/8/12/12) and (c) ultimate force
(n=10/8/12/12). Data are represented as mean = s.d., Two-way ANOVA was used for statistical analysis.

4.7 S1P-Mediated VEGFa Production and Osteoblast Calcification are
S1PR3-Dependent

S1P signals through five different receptors,® of which S1PR1-3 are expressed in
OBs (data not shown). The possible involvement of these receptors in the observed
S1P-mediated effects was examined. Therefore, pOBs were treated with S1P in addition
to S1P receptor antagonists. S1P treatment combined with the vehicle control showed the
expected increase in Vegfa gene expression after six hours of treatment and an increase
of VEGFa secretion detected in the cell culture supernatant after 24 hours (Figure 29a+b).
Treatment with TY-52156, an S1PR3 antagonist, prevented the observed increase in Vegfa
gene expression and protein secretion after S1P treatment (Figure 29a+b), indicating an

involvement of this receptor in the underlying signaling cascade.
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Figure 29: S1PR3 antagonism prevents S1P-mediated increases in VEGFa expression and secretion
in pOBs. (a) Fold change Vegfa gene expression after six hours of 1 uM S1P or vehicle control treatment
in the addition of 10 uM S1PR3 antagonist TY-52156 or vehicle control 30 minutes prior to S1P treatment
(n=6/6/6/6). (b) VEGFa levels in the supernatant of equally treated pOBs after 24 hours (n=6/6/6/6) as
measured by ELISA. Data are represented as mean * s.d., Paired Two-way ANOVA was used for statistical
analysis.

To further confirm these results, pOBs isolated from S1PR3*/* and S1PR3~/~ mice were
treated with 1 M S1P. A 1.56-fold rise in Vegfa gene expression was observed in the
wild-type pOBs after 6 hours of S1P treatment (Figure 30 a). There was also a tendency
towards elevated Vegfa expression in S1PR3-/- mice (Figure 30a). However, this increase
was not represented in VEGFa protein secretion in the supernatant of the knockout pOBs
in contrast to a clear 1.4-fold elevation of VEGFa secretion by wild-type pOBs (Figure 30b).
These results further confirm the S1PR3-dependent secretion of VEGFa in pOBs after S1P

treatment.
a b
0.0003 0.9545
§ 0.0407 0.0844 0.0746 0.8710
034 — —_— 6004 —— —
@ [m]
S ry
x
° 2 %,400—
()] o
g 2
© ©
< [T
G 1 O 200-]
k-] w
S >
© .
%0 . E— -+ 24hstP
> S1PR3"*  S1PR3™" S1PR3'"™  S1PR3T

Figure 30: Genetic deletion of STPR3 prevents S1P-mediated increases in VEGFa secretion in pOBs.
(a) Fold change Vegfa gene expression after six hours of 1 M S1P or vehicle control in pOBs isolated from
S1PR3*/* and S1PR3~/~ mice (n=6/6/6/6). (b) VEGFa levels in the supernatant of equally treated pOBs
after 24 hours (n=4/4/6/6) as measured by ELISA. Data are represented as mean % s.d., Paired (black) or
unpaired (blue). Two-way ANOVA was used for statistical analysis.
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To evaluate whether deletion of STPR3 and therefore, reduced VEGFa production plays
a role in S1P-mediated calcification of pOBs, wild-type and knockout cells were treated
daily with 1 M S1P for 21 days. Wild-type pOBs show a 27% increase in calcified nodule
formation due to S1P treatment, as represented by Alizarin Red staining (Figure 31a+b).
This S1P-mediated increase in calcification was prevented by S71PR3 knockout in these

cells (Figure 31a+b).
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Figure 31: Genetic deletion of S1PR3 prevents S1P-mediated calcification of pOBs. (a) Representative
images of differentiated pOBs isolated from STPR3*/* and S1PR3~/~ mice after 21 days of culture with
daily addition of 1 uM S1P or vehicle control. Calcified nodules are stained with Alizarin Red; scale bar=1mm.
(b) Quantification of Alizarin Red staining after dissolving the staining in cetylpyrridiumchloride (n=4/4/5/5).
Data are represented as mean % s.d., Paired (black) or unpaired (blue). Two-way ANOVA was used for
statistical analysis.

To elucidate the signaling pathways involved in the observed effects in pOBs, gene
expression analysis was performed in wild-type and STPR3~/~ pOBs with and without
1 uM S1P treatment. Several target genes were found to be regulated by S1P treatment in
wild-type pOBs, including a significant up-regulation of Osteocalcin (Bglp) and Osteonectin
(Sparc) and an increase in the expression of Osteopontin (Spp1) and Periostin (Postn).
These effects were absent in STPR3~/~ pOBs (Figure 32). These findings revealed a
clear dependency of osteoblastic S1P/S1PR3 signaling on S1P-mediated regulation of
osteogenic mechanisms.

Notably, a down-regulation of Sparc and Spp1 was observed in STPR3~/~ pOBs compared

to the wild-types (Figure 32). Both factors are known to be involved in regulating OBs and
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OCs during bone remodeling.36%-32 |n addition, the pro-osteogenic factor Osterix (Sp7)3%3
was found to be upregulated in knockout pOBs compared to wild-type pOBs (Figure 32) .
These findings do not only show an essential role of S1PR3 in bone formation but also for

the regulation of OB/OC crosstalk.
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Figure 32: S1P treatment leads to changes in gene expression of several osteogenic markers. Fold
change gene expression levels of Bglap, Sparc, Postn, Spp1 and Sp7 in S1PR3+/+ and S1PR3-/- osteoblasts
with and without 1 ©M S1P treatment of 6 hours. Data are presented as mean + s.d.; a paired two-was ANOVA
(black) or unpaired two-way ANOVA (blue) was used for statistical analysis.

These results prove that S1P-mediated expression and secretion of VEGFa through pOBs
are S1PR3 dependent. Additionally, the receptor is necessary for S1P-mediated cell

calcification, possibly due to increased VEGFa production and OB/OC crosstalk regulation.
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4.8 DOP-Mediated Formation of H-Type Vessels and Increases in
Trabecular Bone Volume are Mediated Through S1PR3 Signaling
in vivo

To further evaluate the possible effect of S1PR3 signaling in vivo, 20-week-old STPR3*/+

and STPR3~/~ mice were treated with DOP for six weeks. Measurement of plasma VEGFa

levels showed a clear increase after six weeks of DOP treatment in wild-type mice. In
contrast, no increase in mice lacking S1PR3 was detected (Figure 33). This confirmed

the S1PR3-mediated VEGFa production and rise of VEGFa levels in an in vivo model and

demonstrated a global increase in circulating VEGFa within the body.
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Figure 33: The DOP-mediated elevation of VEGFa plasma levels is S1PR3 dependent. VEGFa plasma
levels of STPR3*/* and S1PR3~/~ animals after six weeks of 3 mg/L DOP treatment were measured using
ELISA (n=9/10/8/8). Data are represented as mean * s.d., Two-way ANOVA was used for statistical analysis.

To assess the involvement of S1PR3 in the DOP-mediated densening of the bone
vasculature and induction of the phenotypic switch towards H-type vessels, thick
Endomucin-stained femoral sections of these mice were evaluated. Wild-type mice showed
a clear elevation of Endomucin mean fluorescence intensity as a marker of the phenotypic
switch of BMECs towards the pro-osteogenic H-type vessels. This increase was not
detected in STPR3~/~ mice (Figure 34a+b). This indicates an S1PR3-dependent switch
of the BMECs towards their pro-osteogenic phenotype. An increase in the vascular area
within the bone marrow and vascular density was detected in both wild-type and knockout
mice after six weeks of DOP treatment (Figure 34c-f). This indicates an involvement of

another S1PR, leading to these observed changes.
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Figure 34: The DOP-mediated phenotypic switch toward H-type vessels is S1PR3 dependent.
(a) Representative images of thick Endomucin stained femoral sections of STPR3*/* control animals and
S1PR3~/~ knockout animals treated with 3 mg/L DOP for six weeks and their untreated controls; scale
bar =500 um (top) and 200 pum (bottom).
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Figure 34 (previous page): (b) Quantification of mean fluorescence intensities (MFI) of Endomucin staining,
(c) vascular area/bone marrow area, (d) vascular density, (e) branch length and (f) number of branching points
within the metaphyseal area. Data are represented as mean + s.d., Two-way ANOVA was used for statistical
analysis.

To assess whether the repressed phenotypic switch of the vasculature is enough to prevent
an increase in bone volume in STPR3~/~ mice, the trabecular area and volume of the distal
femur of wild-type and knockout mice were evaluated using uCT analysis after six weeks
of DOP treatment. Indeed, the increase in BV/TV, Tb.Th. and Tb.N., and the decrease in
Tb.Sp. observed in wild-type mice is prevented through S7PR3 knockout (Figure 35a-e).
This clearly shows an S1P-mediated increase in bone volume due to a phenotypic switch
of the bone vasculature towards pro-osteogenic H-type vessels. An increase in BV/TV,
Tb.Th. and Tb.N. was observed in STPR3~/~ mice compared to STPR3*/* mice (Figure
35a-d), indicating an additional effect of S1PR3 signaling not only on bone regeneration
after treatment, but also on a basal level.

To identify the effect of STPR3 knockout on cortical thickness and strength of the bone,
uCT analysis and 3pbt were used. Analysis of the cortical thickness of femoral bones
revealed an increase after DOP treatment in both wild-type and knockout mice (Figure
36a+b). Similar results were observed in the 3-point bending test. Both bones from
wild-type and knockout needed higher ultimate force to bend after DOP treatment, and
both displayed a slight increase in stiffness (Figure 37a-c).

These results suggest a possible S1P-mediated mechanism of bone strengthening in
addition to the S1PR3-mediated effects. The responses in bone depend on the location
with clear involvement of S1PR3 in trabecular bone formation and reduced influence in

cortical bone formation.
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Figure 35: The DOP-mediated increase in trabecular bone volume S1PR3 dependent. Representative
1CT images of STPR3*/* control animals and S7TPR3~/~ knockout animals treated with 3 mg/L DOP
for six weeks and their untreated controls. Quantification of (b) bone volume/total volume (n=10/10/8/8),
(c) trabecular thickness (n=10/10/8/8), (d) trabecular number (n=10/10/8/8) and (e) trabecular spacing
(n=10/10/8/8). Data are represented as mean * s.d., Two-way ANOVA was used for statistical analysis.

90



Results

a
S1PR3** S1PR3** DOP S1PR3- S1PR3'- DOP
b 0.5965
00903  0.0668
300 s S—
[ ] U
g 200
g
+« 100
[$)
0
+ -+ DOP

S1PR3"*  S1PR3™

Figure 36: DOP-mediated cortical thickening is S1PR3 independent. (a) Representative images of
cortical sections at the mid-shaft of femoral of STPR3*/* control animals and S7PR3~/~ knockout animals
treated with 3 mg/L DOP for six weeks and their untreated controls; scale bar= 500 ym. (b) Quantification
of cortical thickness (n=10/10/8/8). Data are represented as mean * s.d., Two-way ANOVA was used for
statistical analysis.
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Figure 37: DOP-mediated strengthening of the bone is S1PR3 independent. (a) Representative

force/deflection graphs resulting from a three-point bending test of femoral bones from S1PR3*/* control

animals and S1TPR3~/~ knockout animals treated with 3 mg/L DOP for six weeks and their untreated controls.

Quantification of (b) stiffness (n=10/10/7/8) and (c) ultimate force (n=10/10/7/8). Data are represented as

mean * s.d., Two-way ANOVA was used for statistical analysis.
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Previously, both bone formation and bone resorption markers were shown to be influenced
through DOP treatment. These could explain the observations made in cortical and
trabecular bone. Therefore, RANKL and OPG plasma values were checked in wild-type and
S1PR3 knockout mice. STPR3*/* mice showed the previously detected decrease in bone
resorption as represented through decreased RANKL levels and increased bone formation
represented through increased OPG levels after DOP treatment (Figure 38a+b). This led
to a reduced RANKL to OPG ratio (Figure 38c), representing the previously observed
S1P-mediated pro-osteoanabolic phenotype. In contrast, changes in both RANKL and OPG

were not observed after DOP treatment in S1PR3-/- mice (Figure 38a-c).
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Figure 38: DOP treatment leads to reduced bone resorption and increased bone formation plasma
markers, which is prevented in STPR3~/~ mice. Quantification of plasma (a) RANKL (n=10/10/7/8) and
(b) OPG (n=10/10/7/8) levels in STPR3*/* control animals and STPR3~/~ knockout animals treated with
3 mg/L DOP for six weeks and their untreated controls as assessed by ELISA. (c) The resulting RANKL/OPG
plasma ratio (n=10/10/7/8). Data are represented as mean = s.d., Two-way ANOVA was used for statistical

analysis.

The observed results demonstrate an S1P/S1PR3-dependent phenotypic switch of the
vasculature towards pro-osteogenic H-type vessels, followed by an increase in bone
formation and a decrease in bone resorption. This ultimately leads to increased trabecular
bone mass. These effects could be explained by an involvement of S1PR3 signaling
in OB/OC crosstalk, as evidenced by plasma markers and gene expression data. The

S1P-mediated thickening and strengthening of cortical bone is S1PR3 independent.
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4.9 S1P Mediates a Vessel-Independent Strengthening of the Bone
Through S1PR2

Previously, an influence of S1PR2 on bone density and strength was described. STPR2~/~
mice were described to suffer from lower bone density and reduced bone strength.®®” To
identify additional influences of STPR2 in the S1P-mediated bone regeneration, STPR2+/+
and S1PR2~/~ mice were treated with DOP for six weeks. Measurement of VEGFa plasma
levels in these mice revealed an increase in both wild-type and knockout animals upon DOP

treatment. This indicated an S1PR2-independent rise in VEGFa plasma levels (Figure 39).
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Figure 39: The DOP-mediated increase in VEGFa plasma levels is S1PR2 independent. VEGFa plasma
levels of STPR2+/+ and S1PR2-/- animals after six weeks of 3 mg/L DOP treatment and in untreated control
animals were measured using ELISA (n=10/8/12/8). Data are represented as mean + s.d., Two-way ANOVA
was used for statistical analysis.

Analysis of thick Endomucin-stained bone sections revealed an increase in Endomucin MFI
in the epiphyseal region of these mice in both wild-type and knockouts (Figure 40a+b).
Additionally, an increase in total vessel area was observed upon DOP treatment (Figure
40c). Analysis of vessel density, branch length and number of branches did not show any
influence of DOP on both wild-type and knockout mice (Figure 40d-f). These results clearly
confirm the S1PR2-independent and S1PR3-dependent phenotypic switch of BMECs after
DOP treatment.
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Figure 40: The DOP-mediated increase in vascular Endomucin expression and vascular density and
branching is S1PR2 independent. (a) Representative images of thick Endomucin stained femoral sections
of STPR2*/* control animals and S71PR2~/~ knockout animals treated with 3 mg/L DOP for six weeks and
their untreated controls; scale bar = 500 um (top) and 200 um (bottom).
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Figure 40 (previous page): b) Quantification of mean fluorescence intensities (MFI) of Endomucin staining
(n=7/5/5/4), (c) vascular area/bone marrow area (n=9/4/5/5), (d) vascular density (n=9/4/5/5), (e) branch
length (n=9/4/5/5) and (f) number of branching points (n=9/4/5/5) within bone marrow area. Data are
represented as mean * s.d., Two-way ANOVA was used for statistical analysis.

To evaluate if there is an influence on trabecular bone volume after DOP treatment in
S1PR2-/~ mice, uCT analysis of the distal femoral bones was conducted. As previously
described, BV/TV and Tbh.Th. reduction was observed in STPR2-/~ mice compared to
S1PR2+/* mice (Figure 41a-e). However, both wild-type and control animals showed
increased trabecular bone parameters after DOP treatment (Figure 41 a-e). This means
that there is an S1PR2-independent regenerative capacity of S1P within the trabecular
bone.

As S1P-mediated thickening of the corticalis and strengthening of the bone was previously
observed to be S1PR3 independent, the possible influence of S1PR2 on these parameters
was evaluated. Analysis of cortical thickness of femoral bones showed a clear increase
in thickness in STPR2t/* animals after DOP treatment. Besides, a decrease in cortical
thickness was observed in knockout mice compared to wild-type mice. The DOP-mediated

thickening effect was abrogated in STPR2~/~ mice (Figure 42a+b).
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Figure 41: The DOP-mediated increase in trabecular bone volume is S1PR2 independent.
(a) Representative pCT images of STPR2+/* control animals and S7PR2~/~ knockout animals treated
with 3 mg/L DOP for six weeks and their untreated controls. Quantification of (b) bone volume/total
volume (n=12/10/12/12), (c) trabecular thickness (n=12/11/12/12), (d) trabecular number (n=12/11/12/12) and
(e) trabecular spacing (n=12/11/12/11). Data are represented as mean * s.d., Two-way ANOVA was used for

statistical analysis.
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Figure 42: S1PR2 knockout prevents DOP-mediated thickening of cortical bone.(a) Representative uCT
images of cortical sections at the mid-shaft of the femoral of STPR2*/* control animals and STPR2~/~
knockout animals treated with 3 mg/L DOP for six weeks and their untreated controls. (b)Quantification
of cortical thickness (n=9/11/11/9). Data are represented as mean * s.d., Two-way ANOVA was used for
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statistical analysis.

Additionally, strengthening of S1PR2%/+ bones was observed using a 3-point bending test
as represented by increased stiffness and ultimate force needed to reach bone failure
(Figure 43a-c). This effect was not observed in STPR2-/~ mice (Figure 43a-c).

In summary, these results clearly show that VEGFa production and the phenotypic switch of
the bone vasculature towards pro-osteogenic H-type vessels is S1PR2 independent. This is
also represented by an S1PR2-independent increase in trabecular bone volume. However,
S1P-mediated thickening of the corticalis and increased strength of the bone were shown

to be clearly S1PR2 dependent.
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Figure 43: S71PR2 knockout prevents DOP-mediated strengthening of the cortical bone.
(a) Representative force/deflection graphs resulting from a three-point bending test of femoral bones from
S1PR2*/+ control animals and STPR2~/~ knockout animals treated with 3 mg/L DOP for six weeks and
their untreated controls. Quantification of (b) stiffness (n=7/7/9/7) and (c) ultimate force (n=7/7/9/7). Data are
represented as mean * s.d., Two-way ANOVA was used for statistical analysis.

4.10 DOP Mediates Bone Healing in a Model of Post-Traumatic
Osteomyelitis

To determine the effects of S1P lyase inhibition via DOP treatment not only on
bone formation in healthy animals, a model of post-traumatic osteomyelitis was used.
Post-traumatic osteomyelitis is characterized by infectious conditions within a bone
injury.2828  Since bone repair and callus formation are closely linked to blood vessel
invasion,®®* this model could provide additional insights into vessel-related effects during
bone regeneration.

To mimic post-traumatic osteomyelitis, a cortical defect and S. aureus infection were
introduced in 12-week-old male C57BL/6J mice. After debridement, the animals were
treated with DOP for two weeks. A significant increase in plasma S1P levels was observed
compared to control mice (Figure 44a). To assess DOP-mediated healing of the cortical
defect, uCT analysis was performed to evaluate the area of the newly formed bone callus
surrounding the defect area. Indeed, after two weeks of DOP treatment, a 1.57-fold
increase in newly formed callus surrounding the cortical defect was detected in DOP-treated

mice compared to untreated controls (Figure 44b+c).
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Figure 44: DOP administration leads to an increase in plasma levels of S1P and to the formation of
healing callus in a model of post-traumatic osteomyelitis. (a) S1P plasma levels of C57BL/6J mice after
two weeks of DOP treatment (180 mg/L) and untreated controls (n=10/9), (b) callus formation in these mice
(n=10/9) and (c) representative images showing the defect area (white) and newly formed bone callus (blue).
Data are represented as mean = s.d., Unpaired two-tailed t-test was used for statistical analysis.

To assess the involvement of vascular invasion in the bone healing capacity mediated
by S1P lyase inhibition, CD31 staining within the defect area was analyzed. A clear
elevation of CD31 staining intensity was observed in DOP-treated animals compared to
untreated controls (Figure 45a+b). These results indicate an involvement of the bone

marrow microvasculature in the S1P-mediated bone regeneration in a bone defect model.
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Figure 45: DOP treatment leads to increased CD31 staining in defect sections of a post-traumatic
osteomyelitis model. (a) Semi-quantitative analysis of CD31 staining intensities of the post-traumatic
osteomyelitis defect area of C57BL/6J control mice and after two weeks of DOP treatment (180 mg/L)
(n=4/9), (b) Representative images of CD31 stained sections; scale bar = 200 um. Data are represented
as mean = s.d., Unpaired two-tailed t-test was used for statistical analysis.

For the investigation of the involvement of S1P receptors in the healing capacity mediated
by DOP treatment, an osteomyelitis defect followed by S. aureus infection was introduced
in S1PR3-deficient mice and wild-type controls. After two weeks of DOP treatment, a
significant increase in newly formed bone callus was detected in wild-type mice but not
in STPR3~/~ mice (Figure 46a+b).

Vascular invasion was assessed by semi-quantitative analysis of CD31 staining within the
defect area of these mice. Analysis revealed an increase in vascular invasion as indicated
by increased CD31 staining after DOP treatment in STPR3*/+ animals. This effect was
prevented through S1PR3 depletion (Figure 47a+b).

These results again confirm the S1PR3-mediated effects of DOP treatment on bone
formation and regeneration, also in a model of cortical defect in post-traumatic
osteomyelitis. Bone callus formation could be connected to increased endothelial cells

within the defect area.
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Figure 46: Callus formation during bone healing in a model of post-traumatic osteomyelitis is S1PR3
dependent. (a) Newly formed callus in wild-type and S7TPR3~/~ animals with and without two weeks of
DOP treatment (180 mg/L) (n=9/10/10/11) and (b) representative images of the defect area (white) and newly
formed callus (blue) of these animals. Data are represented as mean * s.d., Two-way ANOVA was used for
statistical analysis.
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Figure 47: The increase in CD31 staining in the defect area of a post-traumatic osteomyelitis model
is S1PR3-dependent. (a) Semi-quantitative analysis of CD31 staining intensities of the post-traumatic
osteomyelitis defect area of STPR3+/* and STPR3~/~ control mice and after two weeks of DOP treatment
(180 mg/L) (n=5/7/4/4), (b) Representative images CD31 (red) and DAPI (blue) stained sections; scale
bar=50 um. Data are represented as mean + s.d., Two-way ANOVA was used for statistical analysis.
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To evaluate the effects observed in the mouse model also in humans, long bone samples
taken during surgery from patients with infectious osteomyelitis were cultured in osteogenic
medium with and without the addition of DOP for four weeks. Bone volume was measured
at the beginning and end of the culture period. Significant increases in bone volume were
observed in samples cultured in DOP supplemented medium compared to control samples
from the same patients (Figure 48a). Evaluation of CD31 staining in bone sections revealed
substantial endothelial staining within DOP-treated samples. However, no CD31 staining
could be detected in the section of untreated bone samples (Figure 48b+c).

These results demonstrate the validity and translational potential of S1P-based therapeutic

options for human bone pathophysiology.
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Figure 48: DOP treatment leads to an increased bone volume and vascular CD31 staining in human
bone samples after 28 days of culture. (a2) Changes in bone volume of untreated human bone samples after
28 days of cultivation and samples from the same patients with the addition of 0.2 mM DOP were assessed by
uCT analysis (n=4/4). (b) Semi-quantitative analysis CD31 staining of human bone sections after 28 days of
cultivation, (c) representative images showing CD31 (red) and DAPI (blue) staining; scale bar=100 um. Data
are represented as mean * s.d., Paired two-tailed t-test was used for statistical analysis, n.d. = not detected.
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5 Discussion

S1P is crucial for the development and maintenance of bone, affecting both bone formation
and blood vessel growth. Therapeutically targeting the sphingolipid pathway and receptor
signaling has been proposed as a potential treatment for osteoporosis.*”-365 However, the
exact role of S1P signaling in bone-strengthening therapies remains unclear. Therefore, in
this study, the S1P-mediated interaction between the bone marrow microvasculature and
osteoblasts was explored to better understand its potential in developing new treatments
for bone health.

This work identified four main synergistic mechanisms involving S1PR2 and S1PR3

signaling in bone (Figure 49):

1. S1PRS3 signaling in osteoblasts led to enhanced VEGFa secretion, which in turn
increased osteoblast mineralization. This effect demonstrated the intrinsic impact of

S1P signaling on osteoblasts and their direct bone-forming capacity.

2. Angiogenesis within the bone marrow, accompanied by the formation of
pro-osteogenic H-type vessels, was triggered by S1PR3-mediated VEGFa secretion.
BMECs then expressed additional pro-osteogenic factors, leading to further
stimulation of osteoblast differentiation and bone formation, ultimately resulting in the

formation of trabecular bone.

3. The bone-forming capacity of S1P/S1PR3 signaling was confirmed in a model of
post-traumatic osteomyelitis. S1PR3 signaling led to the formation of new bone callus
and hence, accelerated the healing of bone defects. This S1P-mediated effect was
accompanied by increased vascular staining, indicating the involvement of the bone

vasculature in this process.

4. S1P directly acted on bone-forming cells through S1PR2 to enhance bone growth.3%”
Here, S1PR2 signaling was linked to the thickening of cortical bone and subsequent
bone strengthening. Unlike the S1PR3-mediated mechanism, the S1P/S1PR2 axis

triggered a VEGFa and vessel-independent mechanism.
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Bone Marrow
Endothelial Cells

S1PR1-3

Figure 49: Schematic overview of the S1P-mediated crosstalk between BMECs and pOBs. S1P
triggers the production of VEGFa in pOBs via S1PR83, contributing to increased bone mass through autocrine
signaling. Simultaneously, it facilitates the formation of H-type vessels and angiogenesis in a paracrine
fashion. These vessels play a crucial role in osteoblastogenesis by releasing osteogenic factors such as
Pdgfa, Pdgfb and Tgfb1. Additionally, S1P directly influences pOB differentiation through S1PR2 signaling.
Created with BioRender.com.
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5.1 The Involvement of S1PRs in Bone Homeostasis and Their

Potential in Osteoporosis Therapy

5.1.1 S1P Influences OB-Mediated Bone Formation Through Multiple Receptors and
Non-Redundant Pathways

This study observed an osteoanabolic effect on trabecular and cortical bone upon S1P
lyase inhibition and subsequent S1P level elevation through DOP treatment and genetic
deletion of the enzyme. Furthermore, the S1P-mediated impact was confirmed in a model
of post-traumatic osteomyelitis, demonstrating the diverse therapeutic potential of S1P
in bone biology. Previously, extensive research has examined the involvement of S1PR
signaling in healthy bone maintenance and the development of osteoporosis, focusing on
S1PR1-3 in OB biology. S1P was found to impact OB differentiation and bone formation
directly. STPR1 was shown to play a direct role in promoting the proliferation of osteoblastic
cells with receptor agonism, leading to increased OB proliferation.3%6:3%¢  Additionally,
S1PR1 signaling was found to reduce OB apoptosis.®¢”3¢® Roelofsen and colleagues
further supported the involvement of S1PR2. OB recruitment to bone remodeling sites was
reduced after inhibiting S1PR2 signaling via RNA interference and receptor antagonism
using JTE-013.%%° Furthermore, S1PR3 expression increased during OB differentiation,
reinforcing its role in this process.?® An increase in bone volume following S1PR3 agonism
was also detected.3%°

The results described here indicate a direct effect of S1P treatment on osteoblastic
mineralization in primary osteoblasts. Furthermore, the involvement of S1PR3 in OB
differentiation and calcification was confirmed using pOBs isolated from mice lacking this
receptor. These pOBs did not exhibit the S1P-mediated calcification observed in wild-type
pOBs. In vivo, bone formation was shown to be both S1PR2 and S1PR3 dependent,
as indicated by reduced effects of DOP treatment in knockout mice. S7PR3 knockout
resulted in the prevention of DOP-mediated increases in trabecular bone volumes. S1PR2
knockout prevented the DOP-mediated increases in cortical bone thickening and strength.
Additionally, bone regeneration after post-traumatic osteomyelitis was identified to be
S1PR3 dependent. These results further underline the involvement of S1P signaling in

bone formation and regeneration.
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5.1.2 Site-Specific Actions of S1PRs in Trabecular and Cortical Bone During

Homeostasis, Disease and Therapy

In the present study, S1P receptor-mediated bone formation was shown to be site-specific.
While S1PR3 signaling was identified to trigger bone formation in the trabecular bone,
S1PR2 signaling mediated cortical thickening. Therefore, this study suggests synergistic
effects of STPR2/S1PRS3 signaling on the bone with distinct sites of action. Bone consists
of two main structural components: cortical and trabecular structures.??® Cortical bone
comprises the outer layer of bone and is densely packed and organized into concentric
lamellar units known as osteons. Within cortical bone, Haversian and Volkmann’s channels
ensure proper nutrient supply to osteocytes.®’? Due to its relatively small surface area
(approximately 20% of the total bone surface), cortical bone undergoes relatively low levels
of bone remodeling.2" In contrast, trabecular bone, mainly found in the interior of long
and flat bones, has a highly elastic and less dense structure.??! With its large surface area
(around 80% of the total bone surface), trabecular bone is constantly subjected to bone
remodeling.??

As the composition of these bone compartments differs, multiple modes of action during
bone formation and homeostasis were proposed. Rittweger et al. demonstrated differences
in cortical and trabecular bone loss during periods of immobilization. Within a 35-day
immobilization period, a rapid reduction in trabecular bone volume was observed, followed
by a slower but continuous decline in cortical bone volume.®”" Similar observations are
associated with the development of osteoporosis. In the early stages of osteoporosis,
there is accelerated turnover of trabecular bone due to its larger surface area.’’? As the
disease progresses, changes occur in cortical bone as well. Intercortical remodeling and
increased osteon and pore size lead to an expansion of cortical surface area. This makes
cortical bone more susceptible to bone remodeling and increases the risk of osteoporotic
bone loss.?”®37  Ultimately, there is a shift from trabecular to cortical bone loss. As
the trabecular bone area diminishes, bone resorption in this compartment decreases.
Simultaneously, resorption in the cortical region increases the surface area, further
promoting bone resorption.3”® Approximately 70% of bone resorption occurs in cortical
bone, which accounts for roughly 80% of total bone mass. In contrast, trabecular bone,
constituting about 20% of the total bone mass, contributes to 30% of bone loss during

osteoporosis.??!-376
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Differences between cortical and trabecular bone also play a role in bone regeneration.
When subjected to loading, there were clear differences in the regenerative capacity
of trabecular and cortical bone in mice. Loading resulted in the thickening of cortical
bone. The trabecular bone showed a reduced and delayed response to this stimulus.3”’
Weatherhold et al. confirmed this effect, revealing a significant increase in lamellar bone
in the cortical region but no changes in trabecular bone following loading.®”® Given the
identified variations in the remodeling capacity of cortical and trabecular bone, Osterhoff
et al. proposed considering these site-specific effects in the treatment of osteoporosis.
The disease stage and the site of ongoing bone resorption are considered.®’° This
consideration is particularly important, given the different mechanisms of action of common
osteoporosis treatments. Studies assessing the effects of alendronate treatment revealed
increased cortical thickness, area and load compared to control groups. Still, no changes
were observed in the trabecular region of tibiae.®’®:3° Similar findings were reported for
ibandronate treatments in post-menopausal women.®®! In contrast, anabolic therapies,
such as teriparatide, were found to affect trabecular bone but had no significant impact on
cortical bone.®® The diverse actions of well-known osteoporosis treatments support the
importance of considering the disease stage and the site of bone resorption during therapy.
Furthermore, treatments targeting both trabecular and cortical bone would be beneficial.

In line with previous research, this study demonstrated an S1P-mediated bone remodeling
effect and strengthening in both cortical and trabecular bone. Previously, S1PR2-deficient
mice were reported to experience cortical bone thinning®®” and the involvement of S1PR2
in cortical regeneration was identified. Similar results were reported in previous studies
utilizing S1PR2 agonists.?®® The current study confirms S1PR2-dependent effects on
cortical bone remodeling. In S1P lyase-deficient mice, an increase in both cortical and
trabecular bone volume was observed. However, cortical bone thickening was independent
of S1PR3,38 which aligns with the observed S1PR3-independent cortical thickening after
pharmacologic S1P lyase inhibition in the present study. Nevertheless, the stimulating
effect on trabecular bone formation was S1PR3-dependent.

McKenzie et al. studied the involvement of VEGFa signaling during the lamellar bone
formation of the cortical region of tibial bones. They described a VEGFa-independent
strengthening of the corticalis.®®*  This effect was confirmed in this study. The
S1PR3-mediated effects on bone are VEGFa dependent. However, these effects

were only found to be involved in trabecular bone formation and the changes observed in
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cortical bone were a result of S1TPR2-mediated and VEGFa-independent signaling.
The involvement of S1P signaling in cortical and trabecular remodeling strengthens
its possible use as a holistic bone anabolic treatment. It overcomes the often-noted

site-specific effects mediated by commonly used osteoporotic treatments.

5.1.3 S1P Signaling is Involved in OB/OC Crosstalk

While this study focused primarily on S1P-mediated signaling in osteoblastic cells, it is
worth noting that there is a strong link between S1P signaling and OC regulation. S1PR1
was identified to influence the differentiation and chemoattraction of OC progenitor cells
toward the bone surface, with S1PR1 stimulation causing these cells to migrate into the
bloodstream.®%2 In contrast, OC-specific knockout of STPR1 resulted in the accumulation
of these cells on the bone surface and decreased bone volume due to increased bone
resorption.3®> S1PR2 was identified as a positive regulator of osteoclastic bone resorption,
enhancing OC progenitors’ chemoattraction toward the bone marrow.3%%3%  Moreover,
OC-specific suppression of S1PR2 signaling was shown to rescue bone loss in a mouse
model of post-menopausal osteoporosis.??®> OC-derived S1P was discovered to stimulate
the chemoattraction of mesenchymal stem cells to active bone formation sites through the
activation of SIPR1 and S1PR2.26238 E|evated levels of S1P were observed to increase
alkaline phosphatase activity in OBs, thereby triggering OC activity and mineralization.
These effects were inhibited using VPC23019 as an S1PR1/S1PR3 antagonist.3%8 3!

This work also provides evidence for crosstalk between OBs and OCs mediated by S1P
signaling. An increase in OPG, which is mainly secreted by OBs and is known to regulate
the differentiation of both OBs and OCs,?*® was observed following DOP administration.
In addition, a decrease in plasma levels of RANKL, which is involved in the maturation
of OCs,2#1243 was also observed in DOP-treated mice. The DOP-mediated changes in
OPG and RANKL plasma levels were not observed in S1PR3 deficient mice, showing the
dependency on S1P/S1PR3 signaling in S1P-mediated regulation of OB/OC crosstalk.
The involvement of S1PR3 signaling in these processes could further be confirmed by
gene expression analysis in S1P-treated pOBs. This study identified an S1PR3-dependent
induction of Osterix (Sp7) expression. Additionally, Osteopontin (Spp1) and Osteonectin

(Sparc) expression were reduced after S1P treatment. This suggests inhibition of OB
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differentiation via Osterix, accompanied by minimized OC motility and attachment to the
bone via reduced Osteopontin expression.®%%:362  As QOsteonectin is typically located at
the site of bone remodeling,®®' the regulation described here further supports S1P’s
involvement in OC biology. It is worth highlighting that an additional decrease in Sparc and
Spp1 expression was observed in S71PR3 deficient pOBs compared to pOBs isolated from
wild-type animals. These factors regulate OBs and OCs during bone remodeling.360-262
Furthermore, the pro-osteogenic factor Osterix (Sp7)%®® exhibited an upregulation in
S1PR3 knockout pOBs in contrast to wild-type pOBs. These findings imply that S1PR3
may play a role in the modulation of the crosstalk between OBs and OCs.

When comparing the trabecular bone volumes of S1PR3 deficient and wild-type mice,
an increase in bone mass was detected in the receptor-deficient animals. These results
contradict the previously described osteoporotic phenotype observed in S71PR3-deficient
aged mice.?®® However, age may be an important factor since the mice used in this study
were only 20 weeks old. With age, bone remodeling is known to slow down and shift
from bone formation towards a more resorptive phenotype. This indicates differences
in the regulation of bone homeostasis depending on age.®® Therefore, differences in
the regulation of bone homeostasis between the mice used in this study and the mice
used by Keller et al. could be involved, potentially explaining the differences observed in
S1PR3-deficient mice. As S1PR3-deficiency led to gene regulation in pOBs, regulation of
bone homeostasis via OB/OC crosstalk in these mice is suggested. While the involvement
of STPRS3 in osteoclastogenesis is not fully understood, further investigations are needed
to unveil its role in these processes. Given the close relationship between OBs and
OCs, investigating both cell types is essential for comprehending the mechanisms behind

S1P-mediated bone formation.

5.1.4 S1P-Based Approaches May Have the Potential for Osteoanabolic Therapies

The multifaceted influence of S1P signaling in bone metabolism positions it as a promising
alternative for treating osteoporosis and triggering bone healing in conditions such as
post-traumatic osteomyelitis. In recent years, several studies analyzed S1P-mediated bone
regeneration in vivo. The S1P analog FTY720 enhanced bone formation by upregulating

pro-osteogenic transcription factors, thus preventing ovariectomy-induced osteoporosis.>’
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Simultaneously, it inhibited osteoclastogenesis and OC function.3® Interestingly, the
increase in bone formation seen with FTY720 in wild-type mice was not observed in STPR3
knockout mice.?*® This suggests that this receptor is involved during bone regeneration.
Notably, S1PR3 activation in OBs induced bone matrix secretion and mineralization in
vitro.3%® This study confirms the pro-osteogenic effects of S1P elevation in vivo, which
aligns with previous observations. Similar to the observation of Keller et al.,**® no increase
in trabecular bone volume was observed in S71PR3-deficient mice after S1P elevation
by DOP treatment in the present work. This further confirms the previously proposed
involvement of S1PR3 signaling during bone regeneration. Additionally, improved bone
healing was observed upon S1PRS3 signaling in a model of post-traumatic osteomyelitis.
While S1PRS3 signaling mainly led to an increase in trabecular bone, S1PR2 signaling
strengthened bone stability and cortical bone thickness, as described in this study. Weske
et al. described S1PR2 signaling in OBs to promote their differentiation and pro-osteogenic
functions. Pharmacological stimulation with the S1PR2 agonist CYM5520 improved
osteopenia induced by ovariectomy.3”-3%° However, this current study demonstrated that
S1P lyase inhibition induced bone growth even in the absence of S1PR2, suggesting
the involvement of additional S1PRs. This effect might be attributed to S1PR3 signaling.
However, the influence of other S1PRs cannot be neglected. Evaluating DOP-mediated
effects in mice lacking both S1TPR2 and S1PR3 may help to unravel any residual effects
on bone formation. Understanding this specific interaction and its regulation may form the
basis for developing novel S1P-based osteoporosis treatment options.

Furthermore, possible off-target effects of DOP treatment should be considered in the
model used. While DOP inhibits S1P lyase, it also affects other vitamin B6-dependent
enzymes. This suggests that the elevation of S1P levels may not be solely responsible for
the observed effects on bone and bone vasculature.®®:3%° To validate that the described
findings are S1P-mediated, a model with a genetic deletion of S1P lyase was employed.
The effects observed in the genetic S1P lyase deletion model were similar to those
observed with pharmacological inhibition using DOP. This indicates that the DOP-mediated
effects are indeed due to successful S1P lyase inhibition. Additionally, S1P lyase inhibition
leads to an accumulation of S1P and affects other sphingolipids upstream of S1P in the
sphingolipid pathway. To verify that the observed effects are, in fact, S1P-mediated, S1P
receptor knockout animal models were used. The absence of specific effects, such as an

increase in cortical or trabecular bone volume in the STPR2 and S71PR3 knockout models,
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respectively, suggests that the observed impact through DOP-mediated S1P elevation is
due to an increase in S1P levels and subsequent receptor signaling. Additionally, S1P
signaling was further elucidated as the underlying mechanism through in vitro studies.
Stimulation of primary osteoblasts with S1P increased the formation of calcified nodules.
These effects were identified to be S1PR3-dependent, further confirming the involvement
of S1P. Although experiments with genetic deletion models confirmed S1P signaling as the
underlying mechanism, the influence of other vitamin B6-mediated pathways and other
sphingolipids cannot be completely ruled out and should be considered. To avoid such

off-target effects, employing specific S1PR agonists could be beneficial.

5.2 VEGF is a Potential Therapeutic Option for Bone Regeneration

and Repair

S1P has previously been demonstrated to enhance Vegfa expression and protein secretion
across various cell types, including human umbilical vein endothelial cells (HUVEC),
endothelial progenitor cells and the human osteosarcoma cell line MG-63.%393%  This
augmentation of Vegfa expression has been implicated in the induction of angiogenesis.3%
In the present study, a connection between angiogenesis and osteogenesis was observed
in a VEGFa-dependent manner, linking the osteoanabolic effects of VEGFa to the S1P
signaling pathway. Notably, the effects mediated by S1PR3 were shown to be reliant
on VEGFa, as evidenced by an increase in VEGFa secretion by pOBs following S1P
stimulation. This intrinsic stimulation, in turn, promoted pOB mineralization. VEGFa has
previously been recognized for its significant effects on bone development. Inhibiting
VEGF signaling during development leads to impaired vascular invasion and diminished
chondrocyte recruitment and differentiation. These deficiencies ultimately contribute to
decreased trabecular bone formation.®?® Furthermore, the sustained expression of VEGFa
appears to be positively correlated with ongoing bone formation, reaching its peak just
before the maximum bone formation occurs.®¥® Conditional knockout of Vegfa in OBs
resulted in a reduction in bone mass due to a decrease in osteoprogenitors and impaired
mineralization. Consistently blocking VEGFR1 and VEGFR2 has been demonstrated to
reduce bone density.33%3% The data presented here suggest a link between S1P-mediated

bone and bone vasculature changes and VEGFR signaling in vivo. The administration of
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Axitinib, a VEGFR inhibitor, effectively blocked S1P-mediated increases in bone volume
and vascular density. This aligns with the previously established role of VEGFa in bone
regeneration. These findings provide further confirmation of VEGFa’s involvement in
S1P-mediated osteogenesis.

As VEGFa is recognized as an osteogenesis inducer, it has been proposed as a potential
treatment for bone healing. Administering VEGFa through VEGFa-expressing fibroblasts
or a matrix coated with a VEGFa-expressing plasmid at the site of a bone defect has been
shown to enhance bone healing significantly. This enhancement is evident in increased
ossification and improved vascular invasion at the defect site. This highlights a connection
between VEGFa, vascular invasion and bone healing.3*'-342 Furthermore, incorporating
VEGFa-secreting bone marrow stromal cells into bone grafts increased vascularization and
improved bone healing.®** This study could now link S1PR3 signaling to bone healing after
post-traumatic osteomyelitis. As the S1PR3-mediated effect on bone formation is proposed
to be VEGFa-dependent, a further possible VEGFa-dependent effect of bone healing could
be identified.

While this study focuses primarily on VEGFa-mediated effects in pOBs, it is worth noting
that different VEGFa-mediated effects have been described in different osteogenic cells.
As shown in the present work, changes in RANKL and OPG plasma levels were found
to be S1PR3 dependent. This suggests a possible involvement of VEGFa signaling also
in OC regulation. There are conflicting results in the literature regarding the effects of
VEGFa on OCs. For instance, RANK was shown to be upregulated in OCs upon VEGFa
treatment. However, the study did not observe significant effects on osteoclastogenesis.3*°
In contrast, Helmrich et al. reported an increase in OC recruitment during bone healing
after the implantation of osteogenic grafts containing VEGFa-expressing bone marrow
stromal cells.3®* Similar observations were described in other studies, where direct
treatment of OC cultures affected the survival of OCs, leading to an increased area of bone
resorption after VEGFa treatment.33

As various cell types play crucial roles in bone formation and homeostasis, it is essential
to consider the VEGFa-mediated effects on them. Chondrocytes, for instance, have been
identified as expressing VEGFa and these cells also exhibit VEGF receptor expression.
However, VEGFa-mediated effects have been primarily observed during development.
In VEGFa overexpressing chondrocytes, an autocrine regulation of chondrogenesis was

described.®®*® The knockout of Vegfa in chondrocytes resulted in a delayed invasion of
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vessels within the developing bone, leading to a delay in hypertrophic chondrocyte removal
and impaired bone development. Additionally, VEGFa has been demonstrated to enhance
chondrocyte survival.3?®

Given the diverse cell types influenced by VEGFa expression and signaling within the bone,
exploring the VEGFa-mediated effects on these cells during bone regeneration would be
interesting. A thorough evaluation of the effects on bone tissue would be necessary to fully

understand the S1P/VEGFa-mediated mechanism in the described models.

5.3 The Role of Blood Vessels in Bone Homeostasis and Repair

5.3.1 H-Type Endothelial Cells Enhance Bone Regeneration

This study has identified a novel role of S1P in inducing a phenotypic switch in BMECs,
leading to the formation of H-type blood vessels in the bone marrow. The S1P-mediated
induction of H-type vessels was found to be S1PR3 dependent, as evidenced by
the absence of a phenotypic switch in STPR3 knockout mice upon DOP treatment.
Furthermore, the lack of an increase in VEGFa plasma levels in S1PR3 knockout animals,
unlike the observed rise in wild-type animals, suggests a VEGFa-dependent switch
of the endothelial phenotype towards H-type vessels. Recently, a study by Grosso et
al. identified similar VEGFa-mediated effects in a model of bone regeneration using
tissue-engineered bone grafts. They found stimulation of the formation of pro-osteogenic
vessels in connection to VEGFa signaling and Notch1 expression.3% This further supports
the observed results of VEGFa-mediated formation of H-type vessels.

The bone vasculature, specifically the presence of H-type vessels characterized by high
CD31 and Endomucin expression, has been directly associated with bone volume. This
correlation was also identified in aging mice, where a decline in both the number of H-type
ECs and the total number of H-type vessels has been observed.®'® Importantly, this
observation has been validated in humans, linking decreased human bone volume to a
reduction in H-type vessels.>*” In a mouse model of ovariectomized induced osteoporosis,
a reduced number of H-type vessels was observed.?®” Previous studies have already
recognized the potential of H-type vessels in initiating bone regeneration. Administering
deferoxamine induces the formation of H-type vessels and promotes bone formation in

ovariectomized mice.*®” Additionally, the therapeutic potential of H-type blood vessels has
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been linked to the S1P signaling pathway. Administration of FTY720, an S1PR modulator,
increased H-type blood vessel formation and enhanced bone healing.2%® Since FTY720 is
a potent inducer of S1PR1, 3, 4 and 5, the observed induction of H-type vessels observed
by Li et al. might be attributed to S1PRS3 signaling. This is in line with the observations
described in the present study. Given the significant correlation between H-type vessels
and bone density, the target to generate H-type vessels has emerged as a promising
approach for pro-osteogenic therapy. This study observed a phenotypic switch in the
vasculature before noticeable changes occurred in the bone, indicating that bone changes
depend on H-type vessels. These observations suggest that triggering a phenotypic
switch in the bone vasculature towards the H-type could be a potential strategy for bone
regenerative therapy.

Moreover, this study identified a VEGFa-dependent increased expression of pro-osteogenic
factors (Pdgfa, Pdgfb and Tgfb1) in ECs treated with pOB-pre-conditioned medium after
S1P treatment. Several growth factors, including Pdgfa, Pdgfo and Tgfb1, closely
associated with the regulation of bone homeostasis, are also expressed in and secreted
by specialized H-type BMECs.318:325:326 Thege factors are crucial for the pro-osteogenic
phenotype of ECs. When their signaling is disrupted, bone volume decreases.320:326:399
This highlights the induction of pro-osteogenic factors in ECs mediated by paracrine
osteoblastic signaling and VEGFa secretion. The observed findings demonstrate that
S1P-induced pOB-secreted VEGFa is a paracrine stimulator of pro-osteogenic H-type
BMECs in vitro and H-type vessel formation in vivo. Vessel-mediated effects on bone
regeneration, particularly the close relationship between pOBs and BMECs, were
previously described in numerous in vivo and in vitro studies. Co-culture of HUVEC and
osteoblastic cells demonstrated a significant increase in ALP expression and differentiation
compared to a monoculture of osteoblastic cells alone.*®® This was accompanied by
increased calcium deposition in a co-culture of ECs and mesenchymal stem cells.*"!
Pro-angiogenic and pro-osteogenic factors, such as ANG1, BMP2 and IGF1, were
overexpressed in co-culture conditions, further emphasizing the close association between
ECs and OBs.%%? Here, the close connection between pOBs and BMECs was validated in
a co-culture setting. Observations revealed that S1P accelerated and amplified vessel- and
branch-like structure formation. These in vitro results correspond with in vivo experiments,
where a DOP-mediated increase in S1P plasma levels led to enhanced vascular branching

in the bone marrow vasculature of treated mice compared to untreated controls. These
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findings further support the pro-angiogenic potential of S1P within the bone marrow niche.

5.3.2 The Bone Vasculature Supports Bone Regeneration by Supplying Nutrients

and Growth Factors

In addition to the observed phenotypic switch of ECs towards the H-type, DOP treatment
increased vascular area and density. S1P-mediated vascularization may have an
osteogenic effect by increasing blood supply, enhancing the vasculature’s pro-osteogenic
properties. Blood vessels in the bone ensure the supply of oxygen and nutrients, including
a range of vitamins and minerals.*34% |n addition, OB progenitor cells circulate through
the bloodstream to reach sites of active bone formation.*%® Therefore, the pro-osteogenic
properties of the vasculature were further enhanced by the increased blood supply,
potentially representing an additional osteogenic effect of S1P-mediated vascularization.

DOP treatment not only leads to an increase in vascular density within the bone marrow
but also to increased bone marrow S1P concentrations. Discovering the origin of S1P that
stimulates OBs and ECs in the bone marrow would be of great interest. While circulating
S1P may play a role, local S1P production by OBs and OCs is also a possible contributor.
OBs and OCs participate in the OB/OC crosstalk and are known to produce and utilize
S1P.3%:310 Fyrthermore, ECs can function as a local source of S1P. The shear rate in the
vasculature is known to stimulate S1P release in ECs from various origins.®® The high
shear rate of blood flow in the long bone vasculature was also identified as a significant
physiological stimulus for the generation and maintenance of H-type vessels.*®® Thus,
there may be another positive feedback loop in which ECs secrete S1P to initiate signaling
in adjacent OBs upon flow-mediated stimulation. In conclusion, valuable insights were
provided into the multiple roles of S1P in bone vasculature and its influence on H-type

blood vessel formation. This highlights the potential benefits of pro-osteogenic therapies.

5.4 S1P Mediates Angiogenesis in an STPR2 and S1PR3 Independent
Way

It is important to note that angiogenesis is a multifaceted process influenced by various

factors. This study observed increased vascular branching and area within the bone
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marrow upon S1P lyase inhibition and genetic deletion. However, this increase was still
detectable in either S1TPR2- or S1PR3-depleted mice. The independence of S1PR2 and
S1PR3 signaling alone in S1P-mediated vascular branching suggests the involvement of
other factors in this process. While S1P has been demonstrated to influence blood vessel
formation and induce angiogenesis in various tissues, its impact on bone vasculature has
not been extensively explored. In other tissues, S1P plays a crucial role in vascular integrity
and angiogenesis during development. The regulation of sprouting angiogenesis involves a
balance between S1PR1, S1PR2 and S1PR3."%%1% Additionally, other factors regulated by
S1P are known to influence angiogenesis.®'1%® Therefore, signaling mediated by S1PR1,
the interplay between S1PRs and other pro-osteogenic factors should be considered to

understand the underlying mechanisms.

5.4.1 Various S1P-Receptors are Involved in Angiogenesis

To assess the receptor involvement in S1P-mediated pro-angiogenic processes in the
bone vasculature, vascular parameters in the bone marrow were evaluated in S1TPR2 and
S1PR3 knockout mice receiving DOP or in untreated control animals. An increase in vessel
density, area and branching was observed in both STPR2 and S1PR3 deficient animals.
Both S1PR2 and S1PR3 were identified to have a pro-angiogenic effect influencing tip
cell formation and sprouting.’™% % Deleting only one of these receptors did not result
in developing a pathological vascular phenotype during development. However, deletion
of both receptors in mice resulted in lethality due to severe hemorrhage formation.
These results suggest a synergistic influence of STPR2 and S1PR3 with compensatory
mechanisms during development when one receptor is missing. These effects could
explain the increased vascular branching and area upon S1P lyase inhibition in both
S1PR2- and S1PR3-deficient mice described here. Further investigation, including studies
in animals lacking both receptors, could clarify the involvement of these compensatory
mechanisms.

In contrast to S1PR2 and S1PRS3, the role of S1PR1 in angiogenesis, vasculogenesis
and vessel maturation has been the subject of much more detailed investigation and
characterization. During development, S1PR1 is the dominant receptor regulating vascular

maturation and coverage with mural cells.’™35* After vascular maturity, S1PR1 signaling
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contributes to vascular quiescence, diminishing vascular sprouting and branching.'”-1%8
The loss of STPR1 results in hyper-sprouting, which contradicts the described findings of
activated sprouting during S1P treatment. However, to understand the complex involvement
of S1P receptor signaling during bone marrow angiogenesis, it is critical to evaluate bone

vasculature in endothelial cell-specific S1PR1 knockout mice'®® after S1P lyase inhibition.

5.4.2 Several S1P-Regulated Growth Factors are Involved in Angiogenesis

As S1P is also known to influence the expression of various other growth factors, it is worth
looking at other signaling pathways involved in angiogenesis. Below, several signaling

pathways and their connection to S1P are discussed.

Notch Signaling

Previously, a close connection between S1P and components of the Notch signaling
pathway was described. Jung et al. proposed an epistatic regulation of angiogenesis
through S1P and Notch signaling, characterized by parallel mechanisms during vessel
formation.™® Additionally, transactivation of the Notch signaling pathway was identified
following S1P stimulation in cancer stem cells, resulting in the regulation of Notch
target genes.*” These interactions suggest a potential involvement of S1P-mediated
angiogenesis via the activation of Notch signaling in the here-described experimental
setting.

The Notch signaling pathway is known to be involved in several pro- and anti-angiogenic
mechanisms. Signaling within the pathway is mediated by binding five ligands, Jagged1+2
and Delta-like ligands (DII)1,3 and 4, to the four receptors Notch1-4.4%% The ligand binding
triggers an intracellular cleavage of the receptor and the notch receptor intracellular
domains are translocated to the cell nucleus. This domain exhibits its actions within
the nucleus as a transcription factor.*®® The balance between the ligands Jagged1
and DIl4 was shown to play critical roles in the regulation of angiogenesis. During the
development phase, Jagged1 was shown to be a pro-angiogenic factor. Additionally, it was
described as a regulator of the cell cycle. Upon cellular confluency, a Jagged1-mediated
activation of Notch signaling was observed in ECs, leading to cell cycle control and,

therefore, a reduction of EC proliferation.*®® This suggests a role of Jaggedi during
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vascular maturation. In contrast, Dll4-mediated Notch signaling was shown to inhibit tip
cell formation and sprouting during early development*'® and even heterozygous deletion
of DIl4 leads to embryonic lethality.*'" This is further supported by the observation that
Dll4 overexpression reduces endothelial sprouting, migration and proliferation.*'*412 This
suggests that Notch signaling is involved in the transition from active angiogenesis to a
more mature and quiescent vascular phenotype.*'?

Thus, Notch signaling plays a crucial role in regulating vessel formation and represents a
possible mechanism contributing to enhanced angiogenesis within the bone. Although no
regulation of Notch1 expression was detected in BMECs and pOBs after S1P treatment
(data not shown), the possible influence of other signaling pathway members cannot be
neglected. To fully understand the involvement of the Notch signaling pathway, other

members, such as Jagged1 and DII4, should also be considered.

TGFp Signaling

The TGF S signaling pathway plays a pivotal role in both developmental processes and the
maintenance of tissue homeostasis. Activation of this pathway involves receptor binding by
TGFp isoforms, BMPs and activins, leading to intracellular signal transduction through the
phosphorylation of SMAD proteins.*'* ECs predominantly express two TGFf3 receptors,
Activin receptor-like kinase 1 (ALK1) and ALK5.4'* During the development phase, these
receptors regulate the balance between vasculogenesis and angiogenesis, ensuring proper
vascular formation. Deactivation of both receptors has been observed to be embryonically
lethal.#1>41® ALK1 activation leads to the phosphorylation SMAD1/5, resulting in increased
EC proliferation and migration. In contrast, activation of ALKS leads to decreased
proliferation and migration, mediated through SMAD2/3 phosphorylation.*'” Notably, both
ALK1 and ALKS5 are essential for maintaining vascular development balance.*!”4'® BMPs
also contribute to EC function by activating SMAD proteins. BMP4 was identified to induce
the proliferation and migration of ECs,*'® while BMP9 regulates vascular quiescence by
inhibiting vascular sprouting.#2°

Numerous studies have elucidated a close interplay between S1P and TGFfS signaling.
Particularly, the transactivation of SMAD proteins through S1P stimulation has been
identified across various cell types. Xin et al. observed cross-activation of TGF S signaling

421

via SMAD phosphorylation in renal mesangial cells. Furthermore, BMP-dependent

phosphorylation of SMAD in ECs was identified through transactivation via S1P
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stimulation.*??

S1P induces the activation of SMAD-mediated signaling and results
in the upregulation of several components in the TGF/ signaling pathway in human
embryonic stem cells. Enhanced expression of BMP2, BMP6, ALK1 and ALK5, as well
as SMADS5, was observed. Additionally, S1P stimulation led to a decrease in SMAD3
expression.*?® These findings collectively indicate a regulatory role of S1P in modulating
TGFg signaling components across diverse cellular contexts. Considering this interaction
when evaluating the S1P-mediated effects on angiogenesis observed in this study is
essential.

Here, increased Tgfb1 expression was observed in BMECs exposed to a pre-conditioned
medium of pOBs following S1P stimulation. This additional finding suggests a potential
involvement of TGF/ signaling in the observed enhancement of vascular branching and
angiogenesis. Further experiments are necessary to identify the specific involvement
of TGFfS signaling in these processes. In vivo, measurements of plasma TGFS levels
after pharmacological S1P elevation should be conducted. Additionally, blockade or
endothelial-specific deletion of this factor in combination with S1P lyase inhibition in an in

vivo model could help elucidate its role in S1P-mediated bone marrow angiogenesis.

FGF Signaling

A wide range of fibroblast growth factor (FGF) family members is expressed in ECs,
including FGFR1-3 and FGFR5, along with specific FGFs such as FGF1, FGF2, FGF5,
FGF7, FGF8, FGF16 and FGF18.4** Notably, FGF signaling has been described as more
relevant in vascular regeneration than in developmental vasculogenesis and angiogenesis,
as evidenced by normal development in mice lacking FGF1, FGF2, or a combination of
both.27042% |n contrast, inhibition of FGF signaling during wound healing in adult mice
results in impaired vascular regeneration.*?® Furthermore, disruption of FGF receptor
signaling leads to VE-cadherin dissociation, disassembling vascular junctions and EC
loss. This highlights the crucial role of FGF in regulating vascular integrity during both
regeneration and normal homeostasis.*?7-428

FGF family members were found to activate signaling cascades similar to S1P signaling.
Specifically, FGF2 and FGF18 activate MAPK and enhance cell migration, proliferation
and differentiation.*?®4°  FGF signaling activates cell survival through the PI3K and
Akt pathways.**®  Similar signal transduction cascades were found to be activated

via Gj-associated S1P signaling, which regulates cell cycle control, proliferation and
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motility.85-90-91 - Additionally, FGF has been directly linked to S1P-mediated angiogenesis
in several studies. As early as 1999, S1P was reported to enhance FGF2-mediated
angiogenesis in ECs.'"  During neovascularization, S1P was actively involved in
transactivating FGF signaling and the blockade of S1P led to inhibition of FGF-mediated
changes during angiogenesis.**! In the context of vascular regeneration after a stroke, FGF
was shown to activate S1P signaling via the activation of S1PR1, resulting in the activation
of angiogenesis.*® These studies collectively indicate a cross-communication between
S1P and FGF signaling. This contributes to the regulation of angiogenesis. These close
connections may explain the increased vascular area and branching observed following
DOP treatment. Measuring FGF expression and protein levels should be considered to
elucidate its role during S1P-mediated bone marrow angiogenesis in the model described

here.

PDGF Signaling

PDGF signaling is mediated by four distinct PDGF ligands encoded by the Pdgfa,
Pdgfb, Pdgfc and Pdgfd genes. They operate in various cell types, such as ECs,
platelets and vascular smooth muscle cells.  Through the dimerization of these
ligands into five forms (AA, AB, BB, CC and DD), two receptor tyrosine kinases are
activated. The PDGFR-A and PDGFR-B receptors are transmembrane proteins. They
contain an extracellular ligand-binding domain and an intracellular tyrosine kinase
domain.** When they are activated, the phosphorylation of the tyrosine kinases initiates
intracellular signaling cascades.*** PDGF signaling is implicated in numerous cellular and
developmental processes, including kidney, neural crest and vascular development. 35438
Furthermore, the overexpression of PDGFR-B has been associated with an increase in
PDGF-BB-induced angiogenesis, migration and proliferation.*°

This study observed an enhanced expression of Pdgfa and Pdgfb in ECs following
treatment with a pre-conditioned medium from S1P-treated pOBs. Pdgfa has previously
been demonstrated to be upregulated by S1P treatment in ECs, leading to an S1P-mediated
and PDGF-dependent enhancement of angiogenesis in endothelial progenitor cells.*4
Additionally, an S1P-mediated transactivation of PDGFRs was demonstrated during
vascular injury in vascular smooth muscle cells.**""442 A close cross-communication
between PDGF and S1P was evident in human embryonic kidney cells (HEK293) and

mouse embryonic fibroblasts (MEF). On one hand, PDGF was shown to stimulate SK1
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expression. They result in increased S1P production and additional PDGF-mediated
transactivation of STPR1. On the other hand, S1P was demonstrated to suppress cellular
chemotaxis towards PDGF, thereby regulating cell migration.*** The connection between
PDGF and S1P, coupled with the observed upregulation of Pdgfa and Pdgfb in ECs in
this study, emphasizes the importance of considering this interaction in the context of

DOP-mediated angiogenesis.
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6 Outlook

This study identified an essential role of S1P signaling in bone regeneration. The
involvement of S1TPR2 and S1PR3 has been identified. S1PR2 was shown to directly act on
bone-forming cells and trigger cortical thickening and strengthening. S1PR3 was identified
to act in multiple ways. S1PRS3 signaling in osteoblasts led to the secretion of VEGFa, which
in turn triggered pOB calcification. Additionally, the secreted VEGFa led to the formation of
a pro-osteogenic vessel phenotype. These vessels secreted pro-osteogenic factors, which
further contribute to bone formation in trabecular bone. S1PR3-mediated bone regeneration
was additionally crucial in bone regeneration after injury.

In particular, the effect on both trabecular and cortical bone formation makes intervention
in the S1P signaling pathway a promising therapeutic option. The mechanisms involved in
bone degradation®”! and bone regeneration®’” were shown to be different between cortical
and trabecular bone. Also, commonly used osteoporosis treatments were shown to exhibit
differential effects on trabecular bone and cortical bone, often only influencing one of these
sites.?’®382 |nterfering with the S1P signaling pathways could help to overcome these
site-specific effects of commonly used treatments.

As both S1PR2 and S1PR3 were found to mediate distinct but compensating mechanisms
in bone homeostasis, the evaluation of their joint effects on bone regeneration should
be examined in mice lacking both receptors. This would also allow the identification
of any remaining role of other S1PRs involved in bone regeneration. As S1P signals
are based on five distinctive receptors mediating a broad range of mechanisms, other
potentially adverse effects mediated through the global elevation of S1P levels should be
considered. For example, S1P is known to regulate immune cell egress through S1PR1
signaling. Disruption of the natural S1P gradient by S1P lyase inhibition results in the
inhibition of lymphocyte exit and thus, lymphopenia.''?44* Therefore, S1P might regulate
other undesirable effects. Additionally, other sphingolipids are regulated through S1P
lyase inhibition. These are known to regulate cellular processes themselves, which might
lead to further adverse effects. As the observed mechanisms are mainly S1PR2/S1PR3
dependent, their targeting by specific agonists and antagonists would allow bypassing, e.qg.,
the immunomodulatory effects of STPR1 engagement. Therefore, using S1PR2 and S1PR3
agonists, such as CYM-5520 and TY-52156, or a combination of both, would be a promising
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approach.

A clear effect of S1P on the mineral capacity of pOBs was shown in this study. However,
measuring bone resorption markers and analyzing gene expression data in pOBs also
indicated an influence of S1P/S1PRS3 signaling on OB/OC crosstalk. S1P has previously
been described to influence OCs, as evidenced by an increased chemoattraction towards
the bone surface upon S1PR1 signaling®®® and suppression of osteoclastogenesis after
S1PR2 signaling.3® To fully understand the processes involved in bone regeneration
mediated through S1P signaling, the effect on other cells within the bone needs to be
evaluated. In particular, OCs and osteocytes are known to be involved in bone homeostasis
in addition to OBs.?44247 As bone regeneration is a complex process, the S1P-mediated
mechanism influencing diverse cell types should also be evaluated in vivo. Cell-specific
knockout of S1PRs in OBs, OCs and possibly osteocytes could help to understand the
complex mechanism underlying S1P-mediated bone regeneration. The complementary
effects observed in inhibiting bone resorption and enhancing bone formation further
strengthen the value of S1P-based therapy for bone regeneration.

An additional regulatory effect of S1P signaling in BMECs was identified. This led to the
formation of H-type vessels via S1PR3 signaling. Additionally, an increase in total vascular
area and branching was observed upon S1P treatment. As the vasculature supports the
bone with nutrients and oxygen, an additional pro-osteogenic effect is expected through
the densening of the vasculature. The involvement of S1P signaling in this process could
not be fully elucidated as the deletion of S1PR2 and S1PR3, respectively, still showed
an increase in vascular branching and area after elevation of S1P levels. Identifying
the underlying mechanism in S1P-mediated angiogenesis could reveal potential additional
therapeutic targets. Several growth factors are known to be affected by S1P and influence
angiogenesis. To reveal a possible involvement of these factors in S1P-mediated changes in
vessel density, it would be interesting to measure the levels of these factors in animals after
S1P level elevation. Possible regulated growth factors need to be blocked to identify specific
effects. Further understanding these mechanisms could add value to S1P-mediated

treatments and pose potential adjuvant therapy options.
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Source Codes

The following source codes were used for automated image analysis using ImageJ.

Analysis of vessel-length and branching:

run("Z Project...", "projection=[Max Intensity]");
run("Subtract Background...", "rolling=50");
setAutoThreshold("Default dark");
/frun("Threshold...");
setOption("BlackBackground", true);
run("Convert to Mask");

/frun("Close-");

roiManager("Select", 0);

run("Clear Outside");

//setThreshold(255, 255);

run("Convert to Mask");

run("Options...", "iterations=4 count=1 black do=Nothing");
run("Tubeness", "sigma=6 use");
setAutoThreshold("Default dark");

/frun("Threshold...");

setAutoThreshold("Li dark");

run("Convert to Mask");

/lrun("Close-");

run("Skeletonize");

run("Analyze Skeleton (2D/3D)", "prune=none show");
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Analysis of vascular Emdomucin MFI:
run("Z Project...", "projection=[Max Intensity]");
run("Select None");

run("Duplicate...", " ");

setThreshold(0, 65535);
/lrun("Threshold...");
roiManager("Select", 0);

run("Convert to Mask");
roiManager("Select", 0);

run("Clear Outside");
//setTool("freehand");

Bone area was selected by hand
run("Clear Outside");

(
run("Select None");
("

run("Invert");

run("Create Selection");
roiManager("Add");

close();

roiManager("Select", 1);
setAutoThreshold("Default dark");

run("Measure");
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