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Zusammenfassung in Deutsch

Einleitung: Hohe Phosphatspiegel sind eine typische Folge der fortgeschrittenen
chronischen Nierenerkrankung (CKD). Phosphat triggert die Transdifferenzierung der
glatten Muskelzellen (VSMCs) der Tunica media der GefiBwéinde zu einem
osteoblastischen Phinotyp. Dabei wird die Expression von Kalzifizierungsinhibitoren
herunter reguliert und gleichzeitig wird die Expression von Kalzifizierungspromotoren wie
beispielsweise bone sialoprotein (BSP) und Kollagen Typ I gesteigert. Dies fiihrt auch zu
einer Anderung in der Zusammensetzung der extrazelluliren Matrix innerhalb der Tunica
media. BSP spielt bei der Entstehung von Hydroxylapatit-Kristallen eine Schliisselrolle, da
es als Nukleationskern fiir diese Kristalle dient, die dann in die Tunica media der GefaBwand
eingebaut werden. Dies fiihrt schlussendlich zur Mediaverkalkung mit Komplikationen wie
isolierter systolischer Hypertonie, einer verminderten Perfusion der Koronararterien und
Schédden der Mikrogefdf3e insbesondere in den Nieren und im Zentralnervensystem.

In der gegenwirtigen Studie untersuchten wir die Applikation von anti-BSP-Antikorpern als

potenzielle Therapieoption der urdamischen Mediaverkalkung.

Material und Methoden: Fiinf Gruppen mit je zehn weiblichen DBA2/N-Maiusen erhielten
je vier intraperitoneale Injektionen der jeweiligen Antikdrper bzw. des Vehikels iiber einen
Zeitraum von 16 Tagen. Drei Gruppen wurde der monoklonale Antikorper FP21 in
unterschiedlichen Dosierungen verabreicht (0,4 mg/mL; 1,2 mg/mL und 3,6 mg/mL). Die
verbleibenden zwei Gruppen dienten als Kontrollgruppen. Von diesen erhielt eine Gruppe
Phosphate-buffered saline (PBS) und die andere den Referenzantikdrper IDK-1. Bei IDK-1
handelt es sich um einen rattenspezifischen monoklonalen anti-BSP-Antikérper, der in
diesem Versuchsaufbau bei Méusen keine Wirkung zeigen sollte. Am 8. Tag wurden alle
Mause auf eine Hochphosphatdidt umgestellt. Diese enthielt 20,2 g Phosphor, 9,4 g Kalzium,
0,7 g Magnesium und 500 [U/kg Vitamin D3 je Kilogramm. Nach acht Tagen
Hochphosphatdidt wurde der Kalziumgehalt der Nieren, Herzen und abdominellen Aorten,
sowie die Konzentration des Serum-Harnstoffs bestimmt. Weiters erfolgte eine histologische

Féarbung der Herzen und Nieren mit Alizarin Red zur Darstellung von Kalziumablagerungen.



Ergebnisse: Sowohl in den histologischen Fiarbungen der Nieren und Herzen, als auch in
der Bestimmung des Kalziumgehalts der Herzen, Nieren und abdominellen Aorten konnten
keine signifikanten Unterschiede zwischen den Gruppen festgestellt werden. Dies gilt auch

fur die Serum-Harnstoff-Werte als Marker der Nierenfunktion.

Diskussion: Unsere Ergebnisse zeigten keinen Effekt des anti-BSP Antikorpers FP21 auf
die untersuchten Parameter in unserem Hochphosphat-Modell. Weiters beschriankten sich
unserer Untersuchungen auf , harte Outcome-Parameter und eine potentielle Anderung des
VSMC-Phénotyps wurde nicht untersucht. Als entscheidende Limitation ist der hohe
Schweregrad unseres Modells zu nennen, der eine ldngere Behandlungsdauer nicht
zugelassen hat. Die Applikation von FP21 in einem adaptierten Tiermodell konnte

weiterfiihrend untersucht werden.



Abstract in English

Introduction: High phosphate levels are a typical consequence of advanced stages of
chronic kidney disease (CKD). Phosphate triggers the transdifferentiation of vascular
smooth muscle cells (VSMCs) of the tunica media of vessel walls to an osteoblastic
phenotype. This goes along with a down-regulation of calcification inhibitors and an increase
in calcification promotors like bone sialoprotein (BSP) and collagen type I is increased,
which leads to a change in the composition of the extracellular matrix within the tunica
media. BSP has a key role in formation of hydroxyapatite crystals as it serves as nucleation
site for these crystals, which are subsequently embedded in the tunica media of the vessel
wall. This results in medial calcification with complications such as isolated systolic
hypertension, decreased perfusion of coronary arteries and damage to the microvasculature,
especially in kidneys and in the central nervous system.

In the present study, we investigated the application of anti-BSP-antibodies as potential

therapeutic option for uremic medial calcification.

Materials and Methods: Five groups with ten female DBA2/N mice each received four
intraperitoneal injections of the respective antibody of vehicle each over a period of 16 days.
Three groups were treated with the monoclonal antibody FP21 in different concentrations
(0.4 mg/mL, 1.2 mg/mL, 3.6 mg/mL). The remaining two groups served as control groups.
One group was treated with phosphate-buffered saline (PBS) and the other one with the
reference antibody IDK-1. IDK-1 is a rat monoclonal anti-BSP-antibody, which should not
show any effect in mice. On day 8, diet was changed from standard chow to a high-phosphate
diet. This diet contained 20.2 g of phosphorus, 9.4 g of calcium, 0.7 g of magnesium, and
500 IU/kg of vitamin D3 per kilogram. After eight days of high-phosphate diet, calcium
content of kidneys, hearts and abdominal aortas was determined as well as concentration of
blood urea nitrogen (BUN). Furthermore, histological staining of calcium deposits with

Alizarin Red of heart and kidney samples was performed.

Results: Histological staining of kidney and heart samples, as well as the determination of
calcium content of kidney, heart and abdominal aortas did not show significant differences
between the groups. Similarly, BUN levels as a marker for kidney function were comparable

between the groups.



Discussion: Our results did not show any effect of the anti-BSP antibody FP21 on the
investigated outcomes in our high-phosphate model. Furthermore, our study focused on
“hard” outcome parameters and potential alteration of VSMC phenotype was not examined.
A major limitation was the severity of this model, which did not allow a longer duration of

treatment. The application of FP21 in a modified animal model could be further investigated.
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1 Introduction

1.1 Chronic kidney disease
1.1.1 Chronic kidney disease in general

KDIGO-Guidelines define chronic kidney disease (CKD) “as abnormalities of kidney
structure or function, present for >3 months, with implications for health and CKD is
classified based on cause, GFR category, and albuminuria category (CGA)” (1). The
glomerular filtration rate (GFR) is the blood volume filtrated by the glomeruli per minute
normalized to the body surface in the dimension of mL/min/1.73 m? and is physiologically
around 125 mL/min/1.73 m? in young adults and decreases with ageing by approximately
1 mL/min/year (1-3). There are different ways to determine the GFR e.g. via measurement
of the clearance of freely filtered substances like inulin (which is the gold standard) or
creatinine, but an estimated GFR (eGFR) is used more often for a first assessment of kidney
function by determination of creatinine levels in plasma (2). The most common way to
calculate the eGFR is the CKD-EPI formula which takes age and gender into account (4).
But the creatinine blind range should be considered, as creatinine is actively excreted by the
kidneys creatinine levels do not increase until the GFR and thus the kidney function is
decreased by approximately 50 % (5).

CKD is the common consequence of different underlying diseases such as diabetic and/or
vascular nephropathy, glomerulonephritis, interstitial nephropathy, chronic pyelonephritis,
polycystic kidney disease or systemic diseases which all lead to damaged nephrons and
consequently to a progressing and irreversible decrease of the GFR. The function of the
kidneys include secretion of waste products, maintenance of acid-alkaline balance, volume
and electrolyte homeostasis as well as regulation of blood pressure. In addition, the kidneys
function as an endocrine organ as they synthesize renin, erythropoietin and hydroxylate and
thus activate calcidiol to calcitriol (active form of vitamin D). The symptoms of CKD
patients are due to decreased/lost kidney functions and therefore manifold: e.g. anaemia (and
thus anaemic symptoms like paleness, tachycardia, fatigue), arterial hypertension, derailed
electrolyte metabolism, metabolic acidosis and CKD mineral and bone disorder

(CKD-MBD) (5, 6).
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As mentioned above, CKD is classified by the GFR and albuminuria (measured as
albumin/creatinine ratio in urine). The GFR-category (G) is divided into the stages G1-G5
according to the patient’s GFR and the albuminuria category into A1-A3 according to the

urinary albumin/creatinine ratio. The categories also allow for risk stratification (Figure

D (1).

Persistent albuminuria categories
Description and range

Al A2 A3
Prognosis of CKD by GFR and Normal to mildly Moderately Severely
albuminuria categories: KDIGO 2012 increased increased increased

< 30 mg/g 30-300 mg/g > 300 mg/g
<3 mg/mmol  3-30 mg/mmol =30 mg/mmol

G1 Normal or high =90

G2 Mildly decreased 60-89

Mildly to
maoderately decreased

Moderately to

o severely Retiasss = --
¢ = rE|y el bl ---
68 Kidney e < ---

Figure 1: KDIGO CKD risk prognosis; Green, low risk (if no other markers of kidney disease, no CKD);
yellow, moderately increased risk; orange, high risk; red, very high risk. (7)

G3a 45-59

GFR categories (ml/min/1.73 m?)
Description and range
Y

“Uraemia” describes the accumulation of urinary substances in the blood due to impaired
kidney excretion and can manifest by a range of symptoms, such as neural and muscular
symptoms (e.g. fatigue, decreased mental acuity, seizures, sleep disturbances), endocrine
and metabolic symptoms (e.g. amenorrhea, altered amino acid levels, CKD-MBD and others
like serositis and platelet dysfunction) (8).

Therapy of CKD relies on several pillars. First, the underlying primary disease should be
treated. Second, the progression of CKD should be stopped or slowed down by consequent
treatment of hypertension with a target of <125/75 mmHg (although target levels differ
between guidelines), protein restrictive diet (<1 g/kg bodyweight daily) and in case of
diabetes patients also consequent treatment of hyperglycaemia. Another pillar is the
symptomatic therapy and mitigation of CKD-related complications. Hyperphosphatemia is
treated with phosphate restricted diets or phosphate binders. A potassium restrictive diet and
potassium binders are used to combat hyperkalaemia. Recombinant erythropoietin, iron
substitution and, recently also, HIFla stabilizing drugs are implemented in anaemia.
Correction of pH with bicarbonate is often necessary due to metabolic acidosis. Volume

overload or oedema demand salt restriction and loop diuretics. However, caution is
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warranted when using potassium sparing diuretics like spironolactone, as CKD patients are
at an increased risk of hyperkalaemia (5, 9-11).

Antihypertensive therapy with inhibition of the renin—angiotensin—aldosterone system
(RAAS) by angiotensin-converting enzyme (ACE) inhibitors or angiotensin II receptor
blockers (ARBs) has a nephroprotective effect (12, 13). Studies like the CREDENCE and
DAPA-CKD study underline also a nephroprotective effect of gliflozins, which are
inhibitors of sodium-glucose transport protein 2 (SGLT2), even in patients with CKD of
non-diabetic genesis (14-16).

If conservative therapy is not sufficient and the patient still suffers from hyperhydration with
fluid lung, hyperkaliaemia, metabolic acidosis, uremic pericarditis or gastritis, kidney
replacement therapy is indicated (absolute indications). Kidney replacement therapies can
be separated into extracorporeal blood purification methods (i.e. haemodialysis,
hemofiltration and hemodiafiltration as a combination of the two aforementioned),

peritoneal dialysis and kidney transplantation (5).

1.2 Arteriosclerosis

The term “arteriosclerosis™ characterizes the hardening and increasing stiffness of arterial
walls in general and can be differentiated into atherosclerosis, medial calcification and
arteriolosclerosis (17). This differentiation depends on histological criteria on the one hand
and vessel size on the other.

The wall of arteries consists of three different layers: The tunica adventitia is the outermost
layer which is formed by connective tissue and contains fibroblasts, proteoglycans, elastic
and collagen fibres and the vasa vasorum. The middle layer — called tunica media — is the
thickest layer and is formed by vascular smooth muscle cells (VSMC) and extracellular
matrix (ECM), which again is formed by the VSMCs. The third and innermost layer is the
tunica intima and consists of endothelium and a subendothelial layer. These three layers are
separated by two elastic lamellae: The external elastic lamina forms the border between
tunica adventitia and tunica media and the internal elastic lamina between tunica media and
tunica interna. The described structured layers are shown in Figure 2 (18).

Arteries can be distinguished into two different subtypes, namely muscular arteries and
elastic arteries. While most arteries belong to the first subtype (including the small arteriolas
with only one or two layers of VSMCs), those near the heart (i.e. aorta, pulmonary trunk and

their respective major branches) are elastic arteries. Their medial layer contains many elastic
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fibres and can therefore generate and maintain the so-called Windkessel effect to generate a

constant blood flow (18, 19).

Lumen

Tunica interna

Membrana elastica interna

Tunica media

Membrana elastica externa

Tunica adventitia

Figure 2: Schematic wall layer structure of a muscular artery (adapted from (20))

1.2.1 Atherosclerosis

Atherosclerosis is the modification of the tunica intima initiated by the deposition of
atheromatous plaques (consisting of fatty deposits), which leads to a decreased blood flow
and ultimately results in vascular diseases such as ischemic heart disease (>95 % caused by
atherosclerosis), stroke (70 % caused by atherosclerosis) and peripheral arterial disease
(90 % caused by atherosclerosis) (5, 17, 21). Cardiovascular disease as a consequence of
atherosclerosis poses a major risk factor for premature mortality and disability-adjusted life
years (22). The pathogenesis of atherosclerosis is complex and can be divided into different
phases (17):
1. Initial phase: Risk factors such as arterial hypertension, tobacco consumption,
toxins, hemodynamic stress and hyperlipidaemia causes endothelial dysfunction

of the tunica intima. This leads to an increased permeability of the endothelium
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with subsequent influx of lipoproteins. Low-Density-Lipoprotein (LDL) can be
oxidized in the intimal tissue (17).

. Inflammatory phase: Increased chemokine production, triggered by the resulting
minimal-oxidized-LDL (mo-LDL), leads to adhesion and immigration of
neutrophilic granulocytes and monocytes, which differentiate into macrophages
(17).

. Formation of foam cells and fatty streaks: LDL is highly oxidized by reactive
oxygen species (ROS) and other enzymes. This resulting highly-oxidized-LDL
(ho-LDL) is taken up by the immigrated macrophages via their
Scavenger-receptors resulting in the formation of lipid-laden macrophages — also
called foam cells. Multiple layers of these foams cells and lipid droplets (as a
result of destroyed macrophages) assemble to form the visible fatty streaks (17).
. Formation of fibrous plaques: Immigration of T-lymphocytes is the result of
inflammatory reactions caused by macrophages. The interaction of CD40
(Cluster of Differentiation) and its ligand CD40L stimulates a release of
cytokines — such as Interferon-y (IFNy) — from T-lymphocytes and macrophages.
This ongoing inflammatory reaction leads to immigration and proliferation of
VSMCs and thus to the formation of a fibrous plaque (17).

. Formation of complex lesions and thrombosis: An instable matrix is caused by
IFNy, as it inhibits the production of extracellular matrix and instability is
enhanced by various proteases such a collagenases, gelatinases and stromolysin,
resulting in an increased risk of ulceration. The calcification of the lesion is an
active and self-regulated process as microvascular pericytes and VSMCs can
generate mineralized matrix and differentiate into osteoblastic-like cells (23).
Rupture of the plaques leads to thrombus formation with exposition of tissue-
factor and a necrotic atheromatous nucleus. These thrombi can occlude vessels

partially or completely (17).

Ruptured atherosclerotic plaques are the most common cause of acute thrombosis in

coronary arteries leading to myocardial infarction (24). Apart from ischemic heart disease,

stroke and peripheral arterial disease, atherosclerosis may also affect renal arteries leading

to reduced kidney function and renal hypertension (24).
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Due to the multifactorial pathogenesis of atherosclerosis, prevention focuses on the
underlying risk factors. Lifestyle changes, which do not involve any pharmaceuticals, have
positive effects on several risk factors, and are thus the bedrock of therapy (24).

The 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice
recommend lifestyle changes including regular physical activity, a Mediterranean diet and
smoking cessation for all individuals. Hyperlipidaemia and hypertension are important risk
factors for atherosclerotic diseases, and lifestyle modification has positive effects on those
risk factors as well. However, pharmacological antihypertensive and/or lipid-lowering
therapy is recommended in all risk patients (25).

Therefore all CKD patients with an age of 50 years or older should receive a statin treatment
and in those CKD patients with a GFR category of G3a or above, dual therapy with a

combination of a statin and ezetimibe should be considered (26).

1.2.2 Arteriolosclerosis

Arteriolosclerosis is the hyalinisation of the wall of arteriola. Initially affecting the tunica
intima, but also extending to the whole wall with further progression, this process leads to
constriction of the vessels. Some authors differentiate two histological forms of
arteriolosclerosis: hyaline arteriolosclerosis is described as the intimal hyalinisation and can
be found in kidneys of patients with diabetes mellitus, patients with systemic arterial
hypertension and physiologically in aging patients, whereas medial hyperplasia and
hypertrophy leads to hyperplastic arteriolosclerosis and is caused by malignant hypertension
(17,27-29).

The pathogenesis of the (hyaline) arteriolosclerosis is not yet fully understood. However it
is suspected, that dysfunctional endothelium and overproduction of hyaline eosinophilic
material including proteoglycans, lipids, immunoglobulin M (IgM), complement factors and
fibrinogen by endothelial cells results in vascular constriction (17). In the kidneys, stenosis

of arteriola leads to chronic ischemia and atrophy of the affected nephrons (17).
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1.2.3 Medial calcification

Medial calcification describes an accumulation of calcium phosphate crystals in the tunica
media of the arterial wall which consequently leads to increased arterial stiffness. In contrast
to atherosclerosis, medial calcification is a non-occlusive condition (30-32).

Medial calcification in extremity arteries was firstly described as a distinct entity from
atherosclerosis by Johann Georg Monckeberg in 1903 and is the most common type of
medial arterial calcification (33, 34). Medial calcification is strongly associated with diabetes
mellitus and chronic kidney disease (CKD) (35). According to Lanzer et al., the prevalence
of medial calcification is unknown, because it is often an incidental finding or misdiagnosed
as atherosclerosis (31). Hoek et al. reported in a cross-sectional study, that in 718 participants
with cardiovascular disease — or the risk to develop such — 25 % displayed signs of medial
arterial calcification in computed tomography scans (36). Yet, the ankle-brachial index
(which was thought to be valid diagnostic method) was only elevated (> 1.4) in 8.7 % of the
participants (31, 33, 36).

Kamenskiy et al. examined femoropopliteal arteries of 431 tissue donors (mean age
53+16 years) histologically and diagnosed medial arterial calcification in 46 % of the
examined arteries (37). These findings underline the lack of a sensitive screening method for
medial calcification.

Although medial calcification is a distinct entity, it can occur together with atherosclerosis
and is also associated with hyperparathyroidism, ageing, vitamin-D-disorders and
others (33).

Stiffening of large arteries (such as aorta) induces systolic hypertension, decreased coronary
perfusion and increased afterload of the left ventricle of the heart (38-40). Increased pulsatile
stress damages the microvasculature of brain and kidney (41, 42).

Furthermore medial arterial calcification also propagates peripheral arterial disease (43).

22



1.2.3.1 Characterization of vascular smooth muscle cells (VSMCs)

VSMCs play a major role in medial calcification. VSMCs can derive from different
embryonic origins, i.e. neural crest, secondary heart field, somites, mesoangioblasts,
proepicardium, splanchnic mesoderm and mesothelium (44). For example, VSMCs which
are relevant for septation of aorta and pulmonary trunk derive form the cranial neural crest,
whereas the smooth muscle cells of the coronary system do not derive from neural crest but
from proepicardium (44-46). A unique characteristic of these cells is, that they are — unlike
other muscle cells — not terminally differentiated, but can alter their phenotype depending
on the environment or environmental changes respectively (47, 48). VSMCs in mature blood
vessels are characterized by a very low proliferation rate and synthetic activity as well as
specific expression pattern (see chapter 1.2.3.2) (49). Upon damage of the vessel’s wall,
however, synthetic and proliferative activity is increased leading to a synthetic phenotype
which is essential to restore the integrity of the affected wall (49). Furthermore, the
embryonic origin of VSMCs may determine their susceptibility for calcification (50).
Kirsch et al. showed, that calcification takes place mainly in the abdominal aorta (which has
VSMCs with mesenchymal origin), but not in the aortic arch nor in the ascending thoracic

aorta, where VSMCs derive from neural crest (44, 50, 51).

1.2.3.2 Molecular mechanism of medial calcification

1.2.3.2.1 Transdifferentiation

Medial calcification is an actively regulated process sharing elements with bone formation
and includes formation of hydroxyapatite (32, 33). Physiologically, mature VSMCs in
arterial walls have a quiescent-contractile phenotype that corresponds to regulation of
vascular tone as their primary role and accordingly express smooth muscle specific markers
like for example smooth muscle myosin heavy chain, smooth muscle a-actin and smooth
muscle protein 22 o (SM22a) (48, 52, 53).

However, VSMCs are able to change their phenotype. This is marked by upregulation of
osteogenic and chondrogenic transcription factors such as Runt-related transcription factor 2
(Runx2), Msh homebox 2 (MSX-2), bone morphogenic protein-2 (BMP2), SRY-box
transcription factor 9 (Sox9) and osterix. This transdifferentiation of VSCMs into an

osteoblastic phenotype is followed by the expression of bone sialoprotein (BSP), alkaline
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phosphatase (AP), osteocalcin and collagen type I. These proteins have been detected in
calcified arteries. (54-56)
The transdifferentiation to an osteoblastic phenotype is also characterized by a loss of

smooth muscle specific markers like SM22a and smooth muscle a-actin (57).

1.2.3.2.2 Activators and inhibitors of calcification

To prevent spontaneous mineralization, calcification inhibitors like pyrophosphate, matrix-
gla-protein (MGP), a-2-Heremans-Schmid-Glycoprotein (fetuin-A), bone morphogenic
protein-7 (BMP7), osteopontin and osteoprotegerin are produced or taken up by VSMCs
(56, 58, 59).

Another factor contributing to calcification is the loss of these inhibitors as a result of
upregulated osteogenic transcription factors or in specific genetic conditions (58). For
example, loss or reduced MPG, due to high calcium levels or in Keutel-syndrome, leads to
BMP2 overexpression and intensified medial calcification (58, 60, 61). As MPG depends on
vitamin-K as a cofactor, vitamin-K deficiency (e.g. warfarin as anticoagulant therapy) leads
to a similar phenotype (62). Fetuin-A can bind to BMP2 as well as transforming growth
factor beta (TGF-f) and acts as a protector from vascular calcification (63, 64). In patients
with pseudoxanthoma elasticum, a genetic syndrome with a Abcc6-loss characterized by
progressive mineralization of elastic fibres, reduced MGP and fetuin-A levels are found (65,
66).

Pyrophosphate — a potent inhibitor of calcification — blocks hydroxyapatite crystal
formation, but is cleaved by alkaline phosphatase (AP), which is upregulated by osteoblastic
VSMCs (67, 68).

Elevated AP levels are also detectable in CD73-deficient patients. CD73 converts adenosine-
monophosphate to adenosine. In case of CD73 deficiency, adenosine levels decrease, which
leads to a compensatory increase of tissue-nonspecific AP. Tissue-nonspecific AP is also
capable of generating adenosine by hydrolyzation of adenosine monophosphate to
adenosine. Hence, due to increased AP-mediated pyrophosphate cleavage, CD73-deficient
patients are at an increased risk of calcification (69-71).

PHOSPHOL1 is another phosphatase with an impact on bone formation and vascular
calcification. Matrix vesicles, which act as nucleation sites for bone and ectopic calcification

contain this enzyme. Suppression of PHOSPHOI prevents calcification of VSMCs (72, 73).
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Furthermore, aging is associated with calcification. Decreased MGP expression, increased
AP and upregulated Runx2 can be detected in senescent VSCMs, possibly due to prelamin-A
accumulation (58, 74).

Klotho, an inhibitor of calcification, has been shown to be progressively lost with
aging. Hu et al. showed, that loss of Klotho leads to an upregulation of type III sodium-
dependent phosphate cotransporter PiTl1 and Runx2, decreased SM22, and ultimately
promotes calcification (75, 76).

Other factors contributing to enhanced Runx2 expression are oxidative stress and
mitochondrial dysfunction (58, 77).

Quiescent-contractile VSMCs express calcium-sensing receptors, which inhibit the
transition to an osteoblastic mineralizing phenotype. High extracellular levels of calcium
decreases the expression of calcium-sensing receptors and thus promotes the osteoblastic
phenotype of VSMCs, but the exact mechanism is still unknown (58, 78).

The role of vitamin D in medial calcification is ambiguous. On the one hand, vitamin D was
proven to induce medial calcification via Runx2, but can be blocked by BMP7 (59, 79).
On the other hand, vitamin D leads to upregulation of calcium-sensing receptors on the
surface of VSMCs in vitro via activation of vitamin D receptor and thus inhibits calcification
(80).

Furthermore, Bas et al. reported, that medial calcification induced by calcitriol in rats is
partly reversed by monocytes/macrophages in otherwise healthy animals after cessation of
calcitriol administration (81).

In summary, vascular calcification is linked with both, increased and decreased levels of
vitamin D, and the effect may potentially be dose-dependent (80, 82).

Finally, micro-RNAs (miRNAs) may also contribute to vascular calcification and their role

has been reviewed extensively by Leopold (83).

1.2.3.2.3 Role of phosphate

High phosphate levels can lead to a phenotypic change of VSMCs from quiescent-contractile
to osteoblastic involving a multitude of signalling pathways. First, high phosphate leads to
activation of type III sodium-dependent phosphate cotransporter PiT1, which is necessary
for the upregulation of Runx2. Second, high phosphate (and high calcium) lead to an
increased expression of BMP2 and a decreased expression of BMP7 (55, 84).
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Furthermore, BMP2 increases expression of PiT1 (85). Increased expression of proteins like
BSP and collagen type I lead to a transformed extracellular matrix (ECM) and contributes
to calcification (56).

Intriguingly, Zhou et al. provided evidence for a kidney-bone axis implicated in phosphate
homeostasis, where phosphate stimulates glycolysis in proximal tubules and glycolysis
products promote bone fibroblast growth factor 23 (FGF23) production. If such an indirect
phosphate-sensing pathway exists in the vasculature as well is currently unknown (86).

The transdifferentiation is also mediated via nuclear factor 'kappa-light-chain-enhancer' of
activated B-cells (NF-xB). Toll-like receptor 4 (TLR4) signalling has been put forth as
potential “phosphate sensor”. High levels of phosphate also lead to upregulation of serum
and glucocorticoid-regulated kinase 1 (SGK1). TLR4 and SGK1 enhance NF-kB-signalling.
NF-kB-signalling results in upregulation of the osteogenic transcription factors MSX-2 and
Runx2 (87-91).

Apart from this NF-kB-signalling, calcification is also mediated via the Wnt/B-catenin
pathway. High phosphate levels activate this pathway and lead therefore to upregulation of
Runx2 and Pitl. The Wnt/B-catenin pathway and MSX-2 have been shown to activate each
other, potentially creating a positive feedback loop (92-95).

Inflammation is another driver of calcification. Hyperphosphatemia promotes inflammation
in aorta, kidney and heart, as evident by expression of inflammatory cytokines like tumour
necrosis factor alpha (TNF-a)) in VSMCs under hight-phosphate conditions. TNF-a in turn
is another activator of the NF-kB-pathway (89, 96).

However, treatment with TNF-a inhibitor etanercept has not resulted in reduced aortic
calcification in a mouse model of uremic media calcification (50).

Other proinflammatory cytokines expressed by VSMCs are Interleukin-6 (IL-6) and
transforming growth factor beta (TGF-f). IL-6 leads to upregulation of BMP2. TGF-3 leads
via its signalling cascade ultimately to Runx2 upregulation (97-102).

Finally, hyperphosphatemia also leads to intracellular and mitochondrial ROS-formation in

VSMCs, which then again enhances NF-kB-signalling (103).
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1.2.3.2.4 Mechanisms of hydroxyapatite formation

VSMCs release vesicles which do not calcify as they contain calcification inhibitors.
However, with increasing extracellular calcium, matrix vesicles containing preformed
apatite and fewer calcification inhibitors are secreted. These may act as nucleation site for
ectopic calcification (61, 104).

Apart from matrix vesicles, apoptotic bodies released by dying VSMCs due to high levels
of calcium, serve as nucleation sites as well (105, 106).

Similarly, bone sialoprotein (BSP) also induces formation of hydroxyapatite (107).

1.2.3.3 Medial calcification in CKD-patients

According to Mills et al., the prevalence of CKD is approximately 10 % in men and around
12 % in women worldwide (108). Medial calcification can be found at any CKD-stage (109).
A strict regulatory circuit controls the phosphate balance physiologically, but is deranged in
patients with CKD (110). Patients with progressive CKD display deranged homeostasis of
calcium, phosphorous, parathyroid hormone (PTH) and vitamin D, as well as impairment of
bone metabolism leading to fractures and extra-skeletal calcification including arteries (111).
This symptom complex is subsumed under the term Chronic Kidney Disease Mineral Bone
Disorder (CKD-MBD) (111).

Initially, hyperphosphatemia due to nephron loss in CKD is compensated by increased
phosphate excretion mediated by the phosphaturic hormones PTH and FGF23. However,
with further decline of kidney function, these countermeasures fail and hyperphosphatemia
ensues. Hyperphosphatemia inhibits synthesis of calcitriol (via FGF23) and thus leads
to hypocalcaemia and increasing PTH levels, known as secondary hyperparathyroidism
(111).

Therapeutic options include vitamin D agonists and calcium-containing phosphate binders,
which both have hypercalcaemia as a side-effect (112). As mentioned above (see 1.2.3.2),
both, hyperphosphatemia and hypercalcaemia may potentially aggravate vascular
calcification. In addition, CKD patients show lower levels of pyrophosphate, which is further
depleted due to haemodialysis (113). Moreover, Klotho expression is decreased in
CKD patients and Klotho declines with progression of CKD (75, 114). FGF23 is paramount
in maintaining phosphate and calcium homeostasis, but without the coreceptor Klotho,

FGF23 cannot bind to its receptor, which downstream contributes to CKD-MBD (115, 116).
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Plasma aldosterone levels are elevated in CKD patients, and aldosterone upregulates PiT1-
cotransporter as well as Runx2 and MSX-2 by aldosterone dependent upregulation of SGK1,
which in turn enhances NF-kB-signalling (91, 117, 118).

Independently of phosphate, uremic serum can increase Runx2 expression in VSMCs, a
hallmark of osteoblastic transdifferentiation (8, 119).

In patients with chronic kidney failure, Interleukin-18 (IL-18) levels are elevated, which
favours the osteogenic phenotype switch in VSMCs — partly by upregulation of SGK1 (120-
122).

In summary, uraemia tips the balance towards pro-calcifying factors, via a plethora of

different pathways, resulting in media calcification and its deleterious sequelae.

1.2.3.4 Experimental Models of medial calcification

There are different well-established in vivo models for medial calcification, which are
outlined in the following (123).

Medial calcification is developed by Han:SPRD Cy/+ rats and Lewis polycystic kidney
disease rats naturally, due to kidney failure (124, 125). Kidney failure can also be induced
surgically, usually by electrocoagulation or partial nephrectomy (126, 127). Furthermore, it
can be obtained or mimicked by administrating special diets, like e.g. adenine or phosphate
rich diets (128-130).

Genetically modified knock-out animals can also be used as model organisms. Due to lacks
of substances required for physiological electrolyte homeostasis and/or calcification
inhibitors, these animals (mostly mice) develop medial calcification. Among these are for
example MGP knock-out mice, as well as fetuin-a-, Abcc6-, FGF23-knockout and Klotho-
hypomorphic mice (66, 76, 131-133).

Many of the mice used as models are C57BL/6 mice regarding their genetic background, but

these mice seem to be resistant to ectopic calcification (134, 135).
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1.2.3.4.1 DBA2/N mouse model

Another calcification model are dilute-brown agouti 2 mice (DBA/2). These mice and
especially female DBA/2 mice tend to develop ectopic calcification (135-137). DBA/2 mice
have an alternative splice variant in the gene Abcc6 (137, 138). Abcc6 is involved in the
regulation of mineralization and dysfunctional or missing Abcc6 leads to vascular
calcification (66, 139).

This is partly explained by the impact of Abcc6 on the pyrophosphate metabolism, as Abcc6
increases extracellular pyrophosphate concentrations (139). Hence, a lack of Abcc6 results
in decreased concentration of the calcification inhibitor pyrophosphate (139).

Additionally, missing Abcc6 leads to calcification via persistent expression of Sox9 in aged
mice (66).

This calcification tendency can be enhanced by increased oral phosphate intake (130).
Female DBA/2 mice are a well established model for ectopic and medial calcification (50,

136, 140).
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1.3 Bone sialoprotein (BSP)

BSP can act as a nucleation site for hydroxyapatite (107). BSP is a major non-collagenous
matrix protein of bone, and, together with osteopontin, dentin matrix protein I, dentin
sialophosphoprotein and matrix extracellular phosphoglycoprotein, forms the family of
small integrin-binding, N-linked glycoproteins (SIBLING) (141, 142). Human BSP is an
acidic protein and has 301 amino acids with an average mass of approximately 50 kDa, but
due to the fact that BSP is extensively posttranslationally modified, its molecular weight
varies to a high degree (143, 144). Structural clarification of BSP was delivered by Vincent
and Durrant (145).

According to Goldberg et al. the capability of BSP to act as hydroxyapatite nucleation site
is due to its helically arranged glutamic acid-rich sequences (146). Furthermore, BSP
features an arginyl-glycyl-aspartic acid sequence (RGD-motif), which is an integrin
recognition site and mediates cell adhesion (147, 148). A molecular model of human BSP is

depicted in Figure 3.

RGD-motif

Figure 3: Molecular model of human BSP (modified illustration based on Marcus Durrant (149))

The main role of BSP is de novo formation of bone (150). Additionally, BSP is also
implicated in cancer prognosis, as BSP is expressed in breast cancer and associated with
higher probability of bone metastasis and poor outcome (151, 152).

Similar associations were found between BSP and other osteotropic cancers such as prostate

cancer, thyroid cancer and multiple myeloma (153-155).
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This effect of BSP might be due its RGD-motif, by which it binds the integrin avps and
matrix metalloproteinase-2 (MMP-2), which is able to degrade the ECM. Thus, this triple
complex can enhance invasiveness of cancer cells (156).

Zepp et al. showed that administration of IDK-1, a rat monoclonal antibody against BSP, in
a rat model of induced metastatic skeletal lesions (via the human breast cancer cell line
MDA-MB-231) leads to a dose-dependent regression of metastatic bone lesions (157).
Furthermore, elevated BSP levels can be found in osteoblastic VSMCs as part of their typical
expression pattern e.g. in calcified arteries (as described earlier). This leads to the hypothesis

that BSP plays also an important role in ectopic and vascular calcification.

1.4 Hypothesis/Aim

As potential nucleation site for hydroxyapatite, BSP is critically involved in ectopic and
vascular calcifications. We aimed to prevent calcification by blocking BSP using the mouse

monoclonal antibody FP21 in DBA/2 mice on a high phosphate diet.
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2 Materials and Methods

2.1 Approval

The animal experiments were  performed  under approval number
BMBWF-60.010/0189-V/3b/2018 of the Federal Ministry of Education, Science and
Research of the Republic of Austria.

2.2 The DBA/2-mouse model

Fifty female DBA2/NCrl (short DBA/2) mice were obtained from Charles River
Laboratories (Sulzfeld, Germany) and housed in the laboratory animal facility of the Medical
University of Graz in a virus-free environment. Mice were acclimatized for at least one week
and randomized into five different groups as soon as they reached a mean weight of
approximately 19-20 grams or above:

» group 1: vehicle-group (PBS), (n=10)

» group 2: reference antibody (rat monoclonal antibody IDK-1) (¢ = 3,6 mg/mL),

(n=10)

» group 3: low-dose mouse monoclonal antibody FP21 (¢ = 0,4 mg/mL), (n=10)

» group 4: medium-dose mouse monoclonal antibody FP21 (¢ = 1,2 mg/mL), (n=10)

» group 5: high-dose mouse monoclonal antibody FP21 (¢ = 3,6 mg/mL), (n=10)
For logistic reasons, experiments were carried out in four different runs:
Run 1 and 2: three mice per group (in total 15 mice per run) and run 3a and 3b: two mice per
group (in total 10 mice per run).
IDK-1 and FP21 antibody stock-solutions were obtained from Immundiagnostik AG
(Bensheim, Germany) and diluted with sterile phosphate buffered saline (PBS) (Sigma
Aldrich, St. Louis, USA) to the respective concentration freshly before each injection. Mice
were fed with standard chow diet (ssniff-Spezialdidten GmbH, Soest, Germany) until the
diet was switched to high-phosphate diet (HPD) obtained by Altromin Spezialfutter
GmbH & Co. KG (Lage, Germany). Standard chow diet contains 7.0 g of phosphorus,
10.0 g of calcium, 2.2 g of magnesium and 1000 IU/kg of vitamin D3 per kilogram. HPD
contains 20.2 g of phosphorus, 9.4 g of calcium, 0.7 g of magnesium and 500 [U/kg of
vitamin D3 per kilogram.
Intraperitoneal (i.p.) injections with a weight adjusted volume of 5 mL/kg bodyweight were
started at day d-7, and after that every four days (i.e. d-3, d+1, d+5). On day d0, the diet was

changed to HPD. At d+8 the mice were anesthetized and serum (S) was collected via
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retrobulbar bleeding. Mice were perfused with 10 mL of sterile, ice-cold PBS, and then
sacrificed by cervical dislocation. For further analysis, kidneys (K), hearts (C), and the
thoracic and abdominal aortas (TA/AA) were collected. AA were dissected starting from the
diaphragm until before the branching of the common iliac arteries. TA were dissected
starting from the end of the aortic arch until the diaphragm. Remaining periaortic connective
tissue was removed carefully using microsurgical instruments in ice-cold PBS. As they are
particularly prone to calcification and TA appear somewhat protected, only AA were used
for further investigation (50).

The timeline of the experiments is represented graphically in Figure 4.

d-7 d3 do
Acclimatization 1k o change to

1.p. injection 1.p. injection HPD

d+1 d+5 d+8 sample

< A1 processing

i.p. injection i.p. injection sacrifice and analysis

Figure 4: Timeline of Experiments

2.3 Determination of calcium concentration in aorta, kidney and heart

For decalcification, tissue slices of approximately 10-20 mg of heart’s apices (C) and
kidneys (K) respectively were added to 100 pL 0.6 M hydrochloric acid (HCI) (Merck
KGaA, Darmstadt, Germany). The abdominal aortas (AA) were put into 70 uL 0.6 M HCl
each. All probes were incubated at 37 °C and 100 rpm in an incubator shaker overnight. The
following day, supernatants were taken off and centrifuged for 5 minutes at 10.000 rpm at
room temperature. Supernatants were then used for calcium quantification. The remaining
tissues were washed with 500 uL. PBS (Sigma Aldrich, St. Louis, USA). Afterwards, heart
and kidney tissues were lysed in a 100 pL mixture of 0.1 M sodium hydroxide (NaOH)
(Merck KGaA, Darmstadt, Germany) and 0.1 % sodium dodecyl sulphate (SDS) (Sigma
Aldrich, St. Louis, USA) (0.1 M NaOH/0.1 % SDS). The remaining aortic tissues were lysed
in 70 uL 0.1 M NaOH/0.1 % SDS. All tissues were subsequently homogenised manually

using a pestle. After 30 minutes of incubation at room temperature, all probes were
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centrifuged for 5 minutes at 10,000 rpm at room temperature. Thereafter, supernatants were
used for protein quantification.

The resulting calcium levels were then normalized to the protein content of the respective
tissue probe as well as to the respective tissue wet weight. Recognizing their individual

advantages and limitations, we decided to report results with both normalization methods.

2.3.1 Protein quantification

Protein levels of homogenised tissues were quantified using bicinchoninic acid assay (BCA)
in a 96-well-microplate (Microplate, 96 well, PS, F-bottom, clear; Greiner Bio-One GmbH,
Kremsmiinster, Austria). This was done by employing the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific Inc., Waltham, USA) and following the manufacture’s
instructions. Briefly, nine standards of bovine serum albumin (BSA) with concentrations of
2,000 pg/mL, 1,500 pg/mL, 1,000 pg/mL, 750 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL,
25 pg/mL and 0 pg/mL (diluted with 0.1 M NaOH/0.1 % SDS) were made. The probes of
kidneys and hearts were diluted 1:20 with 0.1 M NaOH/0.1 % SDS and the probes of the
abdominal aorta 1:5, respectively. 10 uL of each standard and sample were mixed with
200 pL of the manufacturer’s working reagent and incubated for 30 minutes at 37 °C. All
samples and standards were measured as duplicates. After the incubation, optical density
(OD) measurements were carried out at a wavelength of A =562 nm using a FLUOstar
omega photometer (BMG Labtech GmbH, Ortenberg (Baden), Germany) and the

accompanying software.

2.3.2 Calcium quantification

Calcium quantifications were carried out with a QuantiChrom™ Calcium Assay Kit
(DICA-500) (BioAssay Systems, Hayward, USA) according to the manufacture’s
instructions using a Greiner 96-well-microplate. Briefly, eight standards with calcium
concentrations of 20 mg/dL, 16 mg/dL, 12 mg/dL, 8 mg/dL, 6 mg/dL, 4 mg/dL, 2 mg/dL
and 0 mg/dL were made (diluted with distilled water). 5 uL pf each standard and sample
were mixed with 200 pL of the manufacture’s working solution and incubated for 3 minutes
at room temperature. If necessary, samples were diluted with distilled water. All samples
and standards were measured as duplicates. After the incubation, OD measurements were
carried out at a wavelength of A =612 nm using a FLUOstar omega photometer (BMG
Labtech GmbH, Ortenberg (Baden), Germany) and the accompanying software.
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2.4 Histological quantification of kidney and heart calcification

Extracted kidneys (K) and hearts’ bases (C) were fixed in 4 % paraformaldehyde and
embedded in paraffin. Tissue slices of 4 um were made using a microtome and mounted
onto microscope slides. Two or three tissue samples were made per sample. These slides

were then dried at 37 °C overnight.

2.4.1 Alizarin Red S Staining

For visualization of calcium deposits, these slides were stained with 2 % Alizarin Red S
solution (pH 4.1-4.3) (Sigma Aldrich, St. Louis, USA). Firstly, the slides were
deparaffinized in xylene and in a descending ethanol series (100 %, 90 %, 70 %) (Merck
KGaA, Darmstadt, Germany) and distilled water. The slides were then stained in Alizarin
Red S (Sigma Aldrich, St. Louis, USA) staining solution for two minutes and subsequently
dehydrated in acetone (Merck KGaA), acetone-xylene-mixture (50:50) and xylene (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany). The slides were then enclosed after drying at

room temperature.

2.4.2 Digital quantification

The coloured slides were digitalized and the resulting pictures cropped with QuPath 0.4.1
(Queen’s University, Belfast, United Kingdom) (158). Afterwards, the ratio of stained
calcium deposits over the whole tissue area (in % of whole tissue) was determined using

ImageJ (NIH, Maryland, USA).
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2.5 Blood urea nitrogen/BUN

To determine the kidney function, blood urea nitrogen of the collected sera was determined
with Invitrogen™ Urea Nitrogen (BUN) Colorimetric Detection Kit (Thermo Fisher
Scientific Inc., Waltham, USA) in a Greiner 96-well-microplate and according to the
manufacture’s instructions. Eight standards with urea nitrogen concentrations of 10 mg/dL,
S mg/dL, 2.5 mg/dL, 1.25 mg/dL, 0.625 mg/dL, 0.3125 mg/dL, 0.156 mg/dL and 0 mg/dL
were made (diluted with distilled water). All samples were diluted with distilled water in a
1:20 ratio. 50 uL of each standard and sample were mixed with 75 uL each of the
manufacture’s colour reagent A and B and incubated for 30 minutes at room temperature.
All standards and samples were measured as duplicates. After the incubation, OD
measurements were carried out at a wavelength of A =450 nm using a FLUOstar omega
photometer (BMG Labtech GmbH, Ortenberg (Baden), Germany) and the accompanying

software.

2.6 Statistical analysis

For statistical analysis and graphic representation Microsoft Excel 2016 for Windows 10
(Microsoft Corporation, Redmond, USA) and GraphPad Prism 8 (GraphPad Software, Inc.,
Boston, USA) were used. Briefly, normality was checked using Shapiro-Wilk test. Normally
distributed variables were compared with Analysis of Variance (ANOVA) and
non-parametric variables were using the Kruskal-Wallis test. Survival data of the mice were
displayed in a Kaplan-Meier curve and tested for significant differences with the LogRank-
test. A p-value <0.05 was considered statistically significant. Formal adjustment for multiple

testing was not done.
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3 Results

3.1 The DBA/2-mouse model

During the experiments, seven mice died prematurely or needed to be culled due to bad

health condition:

» group 1 (vehicle-group (PBS)): n=3
» group 2 (reference antibody IDK-1): n=0
» group 3 (low-dose antibody FP21): n=1

» group 4 (medium-dose antibody FP21): n=1

» group 5 (high-dose antibody FP21): n=2
A LogRank-Test was used to test for potential significant differences. There were no
significant differences between the five groups (p=0.5251). The overall survival after

change of diet is shown in Figure 5

Survival after HPD-start

LogRank: p=0.5251
100 I !
© T
=  —
c — PBS
? —— |DK-1
c 50
g — FP21 low-dose
& —— FP21 medium-dose
—— FP21 high-dose
0 [ [ [ 1

0 2 4 6 8
Days elapsed

Figure 5: Kaplan—Meier curve after HPD-start
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3.2 Calcium quantifications
3.2.1 Abdominal Aorta
The results of the median calcium concentrations of the abdominal aortas normalized to

organ weight per group are displayed in Table 1:

Table 1: Median calcium concentrations and IQR of abdominal aortas normalized to organ weight

Group Antibody Median calcium IOR
concentration [pug/mg]

1 PBS (vehicle-group) 2.739 6.447

2 IDK-1 (reference antibody) | 2.067 16.4126

3 FP21 (low-dose) 3.085 10.1122

4 FP21 (medium-dose) 9.240 8.801

5 FP21 (high-dose) 10.4 18.296

Kruskal-Wallis test revealed no significant differences between the five groups (p=0.3358).

Quantification of the median calcium concentrations normalized to protein content resulted

in the data presented in Table 2:

Table 2: Median calcium concentrations and IQR of abdominal aortas normalized to protein content

Group Antibody Median calcium IOR
concentration [pug/mg]

1 PBS (vehicle-group) 69.15 215.6

2 IDK-1 (reference antibody) | 46.55 656.61

3 FP21 (low-dose) 83.21 342.17

4 FP21 (medium-dose) 283.9 356.1

5 FP21 (high-dose) 510.8 686.1

Kruskal-Wallis test was used to detect potential significant differences. There were no
significant differences between the five groups (p=0.2913).

Graphical representations of the results are shown in Figure 6.

38



>

Abdominal Aorta

g’ 30— p=0.3358 (Kruskal-Wallis test)
B) *
=
< 20~
(o)) m v
‘© " v
=
s 104 ° v
g) % i vv
8 0_ ® v -y
&
8 %I \I I I I
, (%] %Q) %Q)
QQ \Q‘l‘ ,60 ,bO «bo
\\0 b\\) \\\Q’
ARSI
< R KL
Q
<

Ca®* per protein [ug/mg]

Abdominal Aorta
1500 p=0.2913 (Kruskal-Wallis test)
|
1000
v
v *
500
° v
—h— v
0 % v *e
T T T T T
(%) N @ L P
X F S
S b\\) ,(\\6.)0
P& D
LTS R
gV
<

Figure 6: A: Calcium concentration of the abdominals aortas normalized to organ weight in different groups
B: Calcium concentration of the abdominals aortas normalized to protein content in different groups
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3.2.2 Heart

The results of the mean calcium concentrations of the heart samples normalized to organ

weight per group were as displayed in Table 3:

Table 3: Mean calcium concentrations and SD of heart samples normalized to organ weight.

Group Antibody Mean calcium SD
concentration [pg/mg]

1 PBS (vehicle-group) 12.36 6.348

2 IDK-1 (reference antibody) | 10.34 5.937

3 FP21 (low-dose) 11.87 5.699

4 FP21 (medium-dose) 12.99 5.235

5 FP21 (high-dose) 9.514 6.003

ANOVA testing showed no significant differences between the five groups (p=0.7195).

Quantification of the mean calcium concentrations normalized to protein content resulted

in the data presented in Table 4:

Table 4: Mean calcium concentrations and SD of heart samples normalized to protein content

Group Antibody Mean calcium SD
concentration [pg/mg]

1 PBS (vehicle-group) 140.3 78.57

2 IDK-1 (reference antibody) | 115.5 69.03

3 FP21 (low-dose) 137.8 76.43

4 FP21 (medium-dose) 156.6 85.04

5 FP21 (high-dose) 97.76 61.35

There were no significant differences between the five groups using ANOVA (p=0.5243).

Graphical representations of the results are shown in Figure 7.
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Figure 7: A: Calcium concentration of the heart samples normalized to organ weight in different groups
B: Calcium concentration of the heart samples normalized to protein content in different groups
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3.2.3 Kidney

The results of the median calcium concentrations of the kidney samples normalized to organ

weight per group were as displayed in Table 5:

Table 5: Median calcium concentrations and IQR of kidney samples normalized to organ weight

Group Antibody Median calcium IOR
concentration [pg/mg]

1 PBS (vehicle-group) 34.51 15.05

2 IDK-1 (reference antibody) | 23.71 20.75

3 FP21 (low-dose) 28.06 14.52

4 FP21 (medium-dose) 24.73 19.23

5 FP21 (high-dose) 31.98 9.14

There were no significant differences between the five groups using Kruskal-Wallis test

(p=0.2117).

Quantification of the mean calcium concentrations normalized to protein content resulted

in the data presented in Table 6:

Table 6: Median calcium concentrations and IQR of kidney samples normalized to protein content

Group Antibody Median calcium IOR
concentration [pug/mg]

1 PBS (vehicle-group) 537.0 361.4

2 IDK-1 (reference antibody) | 339.0 449.3

3 FP21 (low-dose) 441.6 193.3

4 FP21 (medium-dose) 336.8 339.8

5 FP21 (high-dose) 543.6 238.5

Kruskal-Wallis test was used to detect potential significant differences. There were no
significant differences between the five groups (p=0.2501).

Graphical representations of the results are shown in Figure 8.
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Figure 8: A Calcium concentration of the kidney samples normalized to organ weight in different groups
B: Calcium concentration of the kidney samples normalized to protein content in different groups
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3.3 Histological evaluation of calcium deposits

3.3.1 Heart

The mean percentages of the calcium deposits stained with Alizarin Red of the heart samples

in different groups were as displayed in Table 7:

Table 7: Mean percentages and SD of Alizarin Red positive heart tissue

Group Antibody Mean percentage of SD
stained calcium
deposits
1 PBS (vehicle-group) 13.14 4.692
2 IDK-1 (reference antibody) | 10.88 6.137
3 FP21 (low-dose) 11.76 7.200
4 FP21 (medium-dose) 12.62 4.372
5 FP21 (high-dose) 9.814 5.653

ANOVA testing showed no significant differences between the five groups (p=0.7875).
Exemplary slides with Alizarin Red positive heart tissues samples of all groups are shown

in Figure 9 and in Figure 10A and B. A graphical representation of the results is shown in

Figure 10C.
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Figure 9: A: Heart sample stained with Alizarin Red (exemplary for group 1); 18.84 % stained areas
(calcium deposits) B: Heart sample stained with Alizarin Red (exemplary for group 2); 9.76 % stained areas
(calcium deposits) C: Heart sample stained with Alizarin Red (exemplary for group 3); 18.58 % stained areas
(calcium deposits)
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Figure 10: A: Heart sample stained with Alizarin Red (exemplary for group 4); 7.73 % stained areas
(calcium deposits) B: Heart sample stained with Alizarin Red (exemplary for group 5); 2.36 % stained areas
(calcium deposits) C: Percentage of Alizarin Red positive areas (calcium deposits) of each individual sample,
grouped by the respective antibody group
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3.3.2 Kidney

The median percentages of the calcium deposits stained with Alizarin Red of the kidney

samples in different groups were as displayed in Table 8:

Table 8: Median percentages and IQR of Alizarin Red positive kidney tissue

Group Antibody Median percentage of  IOR
stained calcium
deposits
1 PBS (vehicle-group) 26.38 3.02
2 IDK-1 (reference antibody) | 23.93 11.26
3 FP21 (low-dose) 20.98 7.98
4 FP21 (medium-dose) 20.67 8.83
5 FP21 (high-dose) 23.79 6.47

Kruskal-Wallis test was used to detect potential significant differences. There were no

significant differences between the five groups (p=0.2441).

Exemplary slides with Alizarin Red positive kidney tissues samples of all are shown in

Figure 11 and in Figure 12A and B. A graphical representation of the results is shown in

Figure 12C.
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Figure 11: A: Kidney sample stained with Alizarin Red (exemplary for group 1); 27.30 % stained areas
(calcium deposits) B: Kidney sample stained with Alizarin Red (exemplary for group 2); 32.13 % stained
areas (calcium deposits) C: Kidney sample stained with Alizarin Red (exemplary for group 3); 30.86 %
stained areas (calcium deposits)
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Figure 12: A: Kidney sample stained with Alizarin Red (exemplary for group 4); 15.34 % stained areas
(calcium deposits) B: Kidney sample stained with Alizarin Red (exemplary for group 5); 22.74 % stained
areas (calcium deposits) C: Percentage of Alizarin Red positive areas (calcium deposits) of each individual

sample, grouped by the respective antibody group
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3.4 Kidney function / BUN

BUN levels (as marker of kidney function) of the collected sera did not differ significantly
between the different groups. The median levels in the five groups were as displayed in Table
9:

Table 9: Median concentrations and IQR of BUN measurements of the collected sera

Group Antibody Median blood urea IOR
nitrogen concentration
[mg/dL]
1 PBS (vehicle-group) 87.13 44.42
2 IDK-1 (reference antibody) | 76.86 8.39
3 FP21 (low-dose) 79.01 11.18
4 FP21 (medium-dose) 97.89 36.14
5 FP21 (high-dose) 88.09 27.87

Kruskal-Wallis test was used to detect potential differences. There were no significant
differences between the five groups (p=0.1001).

A graphical representation is shown in Figure 13.
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Figure 13: BUN levels in serum between different groups
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3.5 Correlation between methods for calcium deposition assessment

To determine the extent of calcification of the heart and kidney samples, two different

methods were used as described above. To further validate our results, we correlated results

derived from calcium assay measurements and quantification of Alizarin Red-stained tissue.

This resulted in a Pearson correlation coefficient (Pearson's r) of 0.6971 (p<0.0001) for the

kidney samples. For the heart samples a Pearson’s r of 0.8101 (»p<0.0001) was calculated.

Scatterplots as graphical representation of the correlation of the result are shown in Figure

14A for kidney samples and in Figure 14B for heart samples, respectively.
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Figure 14: A: Scatterplot of corresponding results of calcium quantification and histological staining of each
individual kidney sample B: Scatterplot of corresponding results of calcium quantification and histological
staining of each individual heart sample)
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4 Discussion

In the present study, we showed that calcification was not prevented by blocking BSP using
the mouse monoclonal antibody FP21 in DBA/2 mice on a high phosphate diet as our results

do not show any significant differences between the different antibody groups.

Not all mice survived the high-phosphate diet until the planned sacrifice at day 8. The
highest number of deaths was in group 1 (PBS), followed by group 5 (high-dose FP21) with
the second highest number of deaths. Deaths were not significantly different between the
five groups, but they underline the severity of our mouse model. Furthermore, we did not
aim to study a potential survival benefit, but to evaluate the effect of anti-BSP antibody
treatment on organ calcium depositions. Our experience with DBA2/N mice has shown that
there can be profound batch effects with regards to weight dynamics and robustness, which

further complicates meaningful survival analysis.

Although we did not observe intergroup differences in calcification, we found severe
calcification after only eight days of high-phosphate feeding. This is a relative short period
of time regarding that other protocols of surgical and dietary models report time spans up to
8-12 weeks (126, 129). This underlines the high severity of our model. Active calcification
is a result of mineralization in matrix vesicles, apoptotic bodies or secreted BSP. However,
especially under extreme conditions, when calcium und phosphate concentrations surpass
certain thresholds, there may be passive calcification, especially in in vitro models (159).
Presently, we did not measure serum calcium or phosphate levels. But Kirsch et al. have
shown that after 9 days of HPD, the Ca x P product may be as high as 19 mmol?*/L? in DBA/2
mice (160). Furthermore, depletion of regulatory T cells could influence the calcification
propensity of the kidney, whereas heart calcification remained unchanged (160). In
agreement with these findings, we report that the degree of calcification was more severe in
the kidney than in the heart and the abdominal aorta showed the lowest calcium content.
Thus, there may be tissue-dependent propensity for calcification with different pathways at
play. Nevertheless, we could not find any difference in calcification between control and
treatment with anti-BSP antibody in kidney, heart or abdominal aorta. Importantly, our
findings were confirmed using two distinct methods of calcium quantification, i.e. staining
of calcium deposits and colorimetric calcium measurements, which showed great

intermethod agreement.
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Alternatively, the antibody could be studied in a less severe DBA/2 model as shown by
Frauscher et al. (140). Here, DBA/2 mice are kept on HPD for 4 to 7 days and then switched
back to a standard chow diet for 84 days. This has been shown to mimic CKD-MBD

including reduced kidney function, media calcification and bone abnormalities.

Kidney function was analysed by determination of BUN levels of all sacrificed mice. Our
data did not show significant differences between the groups, consistently with similar
calcium burden. Apart from BUN, other parameters can be used for determination of kidney
function. Plasma creatinine and direct GFR measurement are to be noted here. We only used
BUN, as plasma creatinine levels have limited informative value. This is due to mice
physiology as, firstly, they are nocturnal animals and hence have a different circadian rhythm
(161).

Secondly, mice do secret creatinine actively to a significant degree (up to 50 %). Therefore,
serum creatinine levels stay low despite of impaired kidney function (162).

Furthermore, estimation of kidney function via serum creatinine is erroneous in der presence
of cachectic weight loss (like in our mice) (163). The gold standard to evaluate kidney
function is direct GFR measurement by means of inulin clearance. However, direct GFR
measurement, e.g. by transcutaneous measurement of marker clearance, is laborious and
stressful for mice. Finally, our study was not designed to assess for minute differences in
kidney function, so we measured BUN levels as a crude estimate. Additionally,
discrepancies in kidney function are highly unlikely due to the comparable extent of kidney

calcification (and thus comparable kidney damage) between all groups.

There are certain limitations to our study.

First, our study may have been limited by the group size. We observed a broad distribution
of individual data points, which reflects the interindividual and interbatch differences in
DBA2/N mice. Larger group sizes may have allowed us to overcome this limitation.
However, we did not observe a trend in our data, which would hint towards a problem with
power. Furthermore, previous studies with this model have found treatment effects using
similar group sizes (50, 136, 160).

Second, the antibody treatment duration may have been too short. To remedy this limitation,
a time course experiment could be performed comparing varying exposure times to the anti-

BSP antibody prior to HPD.
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Another limitation is, that the used calcification model is rather severe. This can be seen in
the high mortality of up to 30 % in the control group (group 1). It is tempting to speculate
that anti-BSP antibody could be protective in a model with longer duration and more gradual
calcification. However, other treatments like inhibition of the mechanistic Target of
Rapamycin (mTOR) have had a beneficial effect in our model, which even translated in a
survival benefit (136).

Moreover, we did not assess for tissue anti-BSP antibody binding. It is conceivable that
anti-BSP antibody may not have bound to endogenous BSP or that antibodies against the
anti-BSP antibody — similar to anti-drug antibodies — have formed. To mitigate this
limitation, one could perform immunohistochemical workup of the tissues to stain for BSP
and/or FP21. Furthermore, mice sera could be checked for the presence of FP21-antibodies
as well as BSP serum levels.

Finally, our study does not allow us to differentiate between active or passive calcification.
With the latter, any intervention that is not aimed at lowering the calcium phosphate product
or designed to interfere with the physicochemical process of calcification including anti-BSP
antibodies would be a priori futile. The osteoblastic transdifferentiation of VSMCs is a
hallmark of vascular calcification and precedes the deposition of calcium phosphate crystal
(97). In order to be able to determine the causative process of calcification in our model, an
extensive experimental setup would be necessary. Clarification would necessitate laborious
time course experiments, in which the presence of calcification and of osteoblastic
transdifferentiation markers would be evaluated during HPD. Upregulation or increased
expression of osteogenic markers, such as Runx2 or MSX-9 and loss of SM22a or smooth
muscle a-actin could be examined using real-time / quantitative polymerase chain reaction
(qPCR), western blot or immunohistochemical staining. In theory, a switch of VSCMs from
a contractile to an osteoblastic/chondrogenic phenotype preceding calcification would
indicate an active process, whereas simultaneous calcification and phenotypic switch or

delayed phenotypic switch would be indicative of a passive process.
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