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VIl Deutsche Zusammenfassung

Die Alzheimer‘sche Demenz ist die haufigste Form von Demenz in Senioren und es wird
erwartet, dass Patientenzahlen durch die demografische Alterung der Gesellschaft
zunehmen werden. Dies flihrt zu einer zunehmenden Belastung fir Patienten,
Pflegende und das 6ffentliche Gesundheitssystem. Die Alzheimer’sche Demenz ist eine
fortschreitende neurodegenerative Erkrankung mit weitgehenden Symptomen wie
unter anderem Gedachtnisstérungen und Veranderungen der Persodnlichkeit. Die
Hauptkennzeichen der Pathologie umfassen Aggregation und Ablagerung der Proteine
Amyloid B (AB) und Tau. Bis zum heutigen Tage fiihren Behandlungsmethoden fir die
Alzheimer’'sche Demenz lediglich zu symptomatischer Verbesserung, die
zugrundeliegenden Pathologien werden jedoch nicht aufgehalten. Bei dem Versuch
eine ursachliche Behandlung zu finden werden verschiedene Ansatze untersucht. Ein
Beispiel fiir eine vielversprechende Kategorie sind Peptide. Allerdings werden Peptide
haufig proteolytisch degradiert und anschlieBend schnell vom Koérper ausgeschieden.
Um dem entgegenzuwirken kénnen die Peptide in ihrer D-enantiomeren Form
verwendet werden. Dieser Ansatz wurde bei dem Peptid D3 verwendet, welches sich
bereits in transgenen Mausen als therapeutisch effektiv zeigte und dort die Kognition
verbesserte und sowohl AB Ablagerungen als auch Neuroinflammation verminderte.

In der vorliegenden Arbeit wurden die proteolytische Stabilitait und
pharmakokinetischen Eigenschaften des Tritium-markierten D-Peptids D3 in Mausen
untersucht. Des Weiteren wurde das D3-Derivat RD2 untersucht, welches aus
denselben Aminosauren besteht, lediglich die Sequenz wurde nach rationalen
Gesichtspunkten neu geordnet. Zusatzlich wurden die Tandempeptide D3D3 und
RD2D3 analysiert und die pharmakokinetischen Eigenschaften aller vier Peptide
verglichen, sowie verschiedene verwendete Administrationsrouten. SchlieRlich wurde
in vitro die Bindung der Peptide an das humane Serumalbumin und das saure a;-
Glykoprotein untersucht, um den Anteil freien Peptids in Plasma abzuschatzen.

Die Ergebnisse zeigen, dass alle vier D-Peptide flir mindestens einen Tag im Plasma
stabil vorliegen. Im Vergleich zu den einfachen Peptiden zeigen die Tandempeptide
unvorteilhafte pharmakokinetische Eigenschaften. Hier ist von Interesse, dass RD2D3
etwas positivere Werte aufweist als D3D3. Insgesamt zeigt RD2 die vorteilhaftesten
Eigenschaften, wie etwa die langste Halbwertszeit mit etwa 60 Stunden. Alle Peptide
erreichen zudem das Gehirn, wo sie ihre therapeutische Wirkung entfalten sollen. Die
Tandempeptide zeigen eine starke Bindung an Plasmaproteine, im Gegensatz zu D3
und RD2, von denen 8 bzw. 11,5 % frei im Plasma vorliegen. Nach oraler Gabe zeigen
sowohl D3 als auch RD2 sehr vorteilhafte pharmakokinetische Eigenschaften, ebenso
wie RD2 nach subkutaner Administration. Zusammengefasst kann man sagen, dass D3
und RD2 vielversprechende pharmakokinetische Eigenschaften zeigen, die sie fir
weitere therapeutische Untersuchungen ausweisen. Von besonderem Interesse fir
praklinische Studien ist RD2, was eine hohere Spezifitdt zu AR Oligomeren aufweist.

X



VIII Abstract

Alzheimer’s disease (AD) is the most common form of dementia in the elderly, and
with demographic ageing the prevalence of AD will increase and become a burden on
patients, caregivers and the public health systems. AD is a progressive
neurodegenerative disorder and its symptoms are broad and include memory deficits
as well as personality changes. The major hallmark of AD pathology is aggregation and
deposition of the proteins B-amyloid (AB) and tau. To date, treatment of AD provides
symptomatic relief, but the underlying pathologies are not ameliorated. Different
approaches are exploited in the effort to uncover the cause of AD and find a curative
treatment. One approach considers peptides as drug category. However, peptides
often undergo protease degradation and are rapidly cleared from the organism. To
counteract this, peptides consisting of D-enantiomeric amino acids can be employed.
One promising D-peptide is D3, which was shown to be effective in mice where
treatment lead to improved cognition as well as reduced plaque load and
neuroinflammation.

In the present work we analysed proteolytic stability and pharmacokinetic properties
of 3H-labelled D3 in mice. Additionally, we investigated the D3 derivative RD2 which
contains the same amino acids, but with a reordered sequence. Furthermore, we
analysed the tandem peptides D3D3 and RD2D3 and compared pharmacokinetic
properties of these peptides as well as different routes of administration. Finally, in
vitro binding to a;-acid glycoprotein and human serum albumin is assessed in order to
estimate the fraction of the peptide remaining unbound in plasma.

Results show, that all four p-peptides remain stable in plasma for at least one day,
while the control L-peptide is quickly degraded. Interestingly, the tandem peptides do
not fare well in the comparison of the pharmacokinetic properties with the single
peptides. They show a relatively short plasma half-life of maximally only few hours and
high rates of clearance. It is noteworthy, that RD2D3 exhibits more favourable
properties than D3D3. This seems to originate from the sequence of RD2, which shows
the longest half-life of about 60 hours compared to about 40 hours for D3, as well as
the lowest clearance. All peptides are found to enter the brain where they are thought
to exhibit their therapeutic function. Plasma protein binding is high for the tandem
peptides and RD2 shows the lowest binding with an estimated 11.5 % remaining
unbound in plasma. Furthermore, both D3 and RD2 show promising pharmacokinetic
parameters after oral administration and RD2 shows excellent results upon
subcutaneous administration.

In summary, both D3 and RD2 show promising pharmacokinetic parameters qualifying
them for further therapeutic research. Considering the higher AB oligomer specificity
of RD2 together with its slightly more favourable parameters, the focus regarding
preclinical studies should be on RD2.

Xl



Introduction

1 Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common type of dementia as well as the most
prevalent age-related neurodegenerative disorder. In 2001 dementia had a prevalence
of over 5.4 % for people aged 60 years or older living in Western Europe (Ferri et al.
2005). Currently, over 35 million people worldwide are suffering from dementia and in
the future this number is expected to increase largely, with estimations ranging up to
115 million people by 2050 (figure 1; Alzheimer's Disease International 2013b). AD
currently affects about 25 million people, but to date no curative treatment exists
(Alzheimer's Disease International 2014).

150+

100+

50+

Millions of people with dementia

T T T T 1
2013 2020 2030 2040 2050
Year

Figure 1: Estimated number of people with dementia worldwide from
2013 to 2050. Numbers according to Alzheimer's disease International
(2013a).

AD is marked by a progressing inexorable course of disease. It is frequently grouped in
different stages. At a preclinical stage changes already occur in the brain, but have
little impact on a patient’s life. Patients then experience mild cognitive impairment
(MCI) before the disease advances into dementia. Alzheimer’s patients initially
experience deficits to memorise new information and while growing older cognition
declines further, accompanied by attention and problem-solving difficulties. Other
symptoms become apparent at later stages: language dysfunction, visuospatial
difficulties, loss of insight and personality changes (Holtzman et al. 2011; Thies et al.
2013). With progressing AD, patients experience more and more difficulties
performing the basic activities of daily living (ADLs) such as dressing, eating and
personal hygiene. Patients therefore need social care, resulting in an increasing global
economic impact of AD (Alzheimer's Disease International 2010).




Introduction

The biggest risk factor for AD is age. Hereditary factors also play a role in increasing the
chance of developing AD, including having a family history of AD as well as the
presence of selected genes (Reitz & Mayeux 2014). One example of a gene enhancing
the risk of developing AD is the presence of one or two apolipoprotein E €4 alleles
(Corder et al. 1993). Other factors that influence disease progression include
cardiovascular health, head trauma and education levels (reviewed in Alzheimer's
Association 2011; and Holtzman et al. 2011). The risk of developing dementia is
influenced by early-life 1Q, hypertension, diabetes, physical fitness and education
(Deary et al. 2009).

AD can also occur due to genetic reasons. A number of genetic variants were found in
families with a history of early onset AD (< 60 years) and are inherited in a Mendelian
pattern, mostly autosomal dominant (Bertram et al. 2010; Reitz & Mayeux 2014).
These so-called “familial” AD patients account for only <1 % of AD cases with the
majority of AD cases being due to sporadic AD (Thies et al. 2013). Amongst others,
mutations causing familial AD were found in three genes that are involved in amyloid
precursor protein (APP) cleavage and AP formation: the gene for APP itself as well as
the genes for presenilin 1 and 2 (PS1 and PS2) (Bird 2008). To date, over 200 mutations
have been identified in those three genes leading to early onset AD, many are point
mutations but also deletions are found to cause familial forms of AD (Bertram et al.
2010). Usually, familial AD patients experience an early onset of the disease with
symptoms occurring at middle age (Thies et al. 2013). An example for these mutations,
is the so called Swedish mutation, a double point mutation of APP, which leads to an
increase of AB production by enhancing B-secretase processing of APP (Citron et al.
1992; Mullan et al. 1992).

1.1.1 Pathology

To date, the underlying cause of AD remains to be unravelled; however, protein
deposits are thought to contribute to neuronal and synaptic loss. The most prominent
pathology in brains of AD patients are aggregation pathologies such as amyloid
plaques consisting of B-amyloid (AB) peptides that accumulate extracellularly and
intraneuronal neurofibrillary tangles formed of tau protein with altered
phosphorylation (figure 2) (Blennow et al. 2006).

These protein deposits are thought to contribute to neuronal and synaptic loss by
hampering the physiological functioning of the neurons (Ballard et al. 2011).
Furthermore, loss of cholinergic function in the central nervous system has been
shown to contribute to the cognitive decline and glutamatergic overstimulation of the
postsynaptic N-methyl-D-aspartate (NMDA) receptors is thought to lead to neuronal
damage, indicating more facets to the development of AD (Blennow et al. 2006).
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Plaque Tangle

Figure 2: Silver staining showing both plaque and tangle. Both
pathologies are found in Alzheimer’s disease (adapted from
Serrano-Pozo et al. 2011)

1.1.1.1 Amyloid 8

The AR peptide is the main component of the plaques that are a hallmark of AD
pathology and mostly comprised of AR fibrils (Hutton & Hardy 1997). There are
different subtypes of plaques, ranging from plaques with a dense central core (figure
2) formed of aggregated AP which are associated with neuron loss in their
surroundings, to more diffuse plaques consisting of amorphous AB aggregates (Hutton
& Hardy 1997).

Under physiological conditions, APP is mainly cleaved by the a-secretase (see figure 3).
The a-secretase cleavage site is positioned inside the AP region, therefore leading to
formation of non-amyloidogenic fragments (Esch et al. 1990). In AD, proteolytic
cleavage of APP by B- and y-secretase complexes (figure 3) leads to production of a
series of AP fragments (Kummer & Heneka 2014). The y-secretase has multiple
possible cleavage positions in APP (red arrows) resulting in AB fragments differing in
length (Benilova et al. 2012), the main forms are AB1.40 and ABi4, with their length
denoted in subscript.
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Figure 3: Processing of APP and formation of AB. Non-amyloidogenic
cleavage of APP (top) is performed by the a-secretase (green arrow).
Abnormal cleavage (bottom) by the B- and y-secretase (dark red and red
arrows) leads to formation of AR and aggregation (after Benilova et al.
2012).

One long-standing hypothesis trying to explain the development of AD is the amyloid
cascade hypothesis, which indicates a major role for A in the pathogenesis of AD
(figure 4). It states that the imbalance between production and clearance of A in the
brain is the main event ultimately leading to neuronal degeneration (Selkoe 1991;
Hardy & Higgins 1992; Soto 1999; Pimplikar 2009). The importance of AB in the
development of AD is supported by the mutations found in familial AD. Mutations
were found in the pathway leading to AB formation, in the APP gene as well as in the
genes encoding PS1 and PS2 which are part of the y-secretase complex and therefore
enzymes necessary for AB generation (Citron et al. 1992; de Silva & Patel 1997).
Furthermore, people with Down’s syndrome, who possess an additional APP gene, are
reported to develop AR plaques at an early age (Wilcock & Griffin 2013).

Which form of AB is the toxic one leading to AD pathogenesis is controversially
discussed in the literature (Walsh & Selkoe 2007; Liu et al. 2012). Nowadays, soluble
AP oligomers are viewed as the toxic amyloid species ultimately leading to AD (Ferreira
et al. 2007; Decker et al. 2010; DaRocha-Souto et al. 2011; Benilova et al. 2012).

4
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Figure 4: Amyloid cascade hypothesis. This hypothesis claims that the imbalance between AB
production and clearance ultimately leads to dementia. Tau pathology is considered a
contributing downstream event (figure after: Hardy & Selkoe 2002; Blennow et al. 2006).

1.1.1.2 Tau

Intraneuronal neurofibrillary tangles are made up of the microtubule-associated
protein tau in a hyper-phosphorylated state. The abnormal disengagement of tau from
microtubules leads to an increase in the cytosolic tau concentration. This is thought to
be the primary process leading to the formation of the tangles due to an increased
misfolding likelihood of the unbound protein (reviewed in Ballatore et al. 2007).
Causes for the abnormal disengagement of tau from the microtubules include an
imbalance of tau kinases and phosphatases, genetic mutations and covalent tau
modifications (Ballatore et al. 2007). It was found that a mutation in tau alone is able
to cause frontotemporal dementia (Hutton et al. 1998). Pathological functions of
hyperphosphorylated tau and the tangles could result in neurodegeneration as well as
loss of normal function of tau (Ballatore et al. 2007). Especially the latter is thought to
be an important factor in development of neurodegeneration (Roy et al. 2005;
Trojanowski et al. 2005).
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1.1.1.3 Neuroinflammation

Increasing evidence is found that there are common links between the two
pathological hallmarks, such as the development of neuroinflammation which is
considered a third hallmark of AD by some researchers (reviewed in McNaull et al.
2010). Oxidative stress is thought to be one of the earliest events in AD pathogenesis,
potentially caused by reduced cerebral blood flow (Zhu et al. 2007; Chang et al. 2011).
Oxidative stress can lead to activation of inflammatory cells such as microglia (Rojo et
al. 2008). Microglia are commonly found surrounding AP plaques, they also show
increased chemotaxis towards them (Rogers & Lue 2001; Tuppo & Arias 2005).
Furthermore, increased numbers of reactive astrocytes are found in the brains of AD
patients as well as surrounding AP plaques (Pike et al. 1995; McNaull et al. 2010).
However, the connection between neuroinflammation and AD remains unclear. It is
not yet known whether neuroinflammation contributes to development of the disease,
it may also be caused by it (Tuppo & Arias 2005).

1.1.2 Diagnosis of AD

Diagnosis of AD remains difficult. AD is most commonly diagnosed by physicians based
on medical and familiar history, input from close family members, physical and
neurological examinations as well as cognitive tests (Blennow et al. 2006). However, it
is still difficult to distinguish AD from other dementias.

Biomarker tests may help diagnosing AD at early, preclinical stages and thereby give
the ability to start treatment before clinical symptoms manifest. To date, a number of
biomarker tests have been developed, however, their efficacy depends on the stage of
the disease and type of dementia (reviewed in Bloudek et al. 2011). Biomarkers can
most conveniently be assessed in plasma or the cerebrospinal fluid (CSF); especially
total tau, phosphorylated tau and ABi4 are under investigation as promising
biomarkers (Blennow et al. 2010). Furthermore, imaging methods such as magnetic
resonance imaging (detecting medial temporal lobe atrophy) or positron emission
tomography (PET) using tracers against AB, tau or glucose metabolism can be used for
diagnosis of AD (Blennow et al. 2006; Ikonomovic et al. 2008; Zhang et al. 2012b).

In recent years the United States’ National Institute on Aging together with the
Alzheimer’s Association developed new criteria and guidelines for the diagnosis of AD
as well as for the evaluation of the occurring pathology (McKhann et al. 2011; Hyman
et al. 2012). They included biomarker diagnostics (analysis of CSF and PET) and
assessment of neuronal injury as well as preclinical stages of AD to allow for better
diagnostic differentiation between the different stages of AD and to distinguish them
from other neurodegenerative diseases (McKhann et al. 2011; Hyman et al. 2012).
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1.1.3 Treatment of AD

Despite intensive research, causal treatment to AD remains to be developed. The
available medications slow down progression of the symptoms but do not stop the
underlying neurodegeneration (Alzheimer's Association 2011). Especially the individual
differences in response to the available drugs pose a major problem in clinical trials as
well as in clinical praxis, leading to therapeutic failure or adverse drug reactions
(Meyer 2000).

To date, available treatment focusses on the imbalance of the neurotransmitters
acetylcholine and glutamate. However, improvement remains symptomatic and does
not include neuroprotection (Massoud & Léger 2011). The cholinergic hypothesis
states that loss of cholinergic function in the cortex is associated with behavioural
changes present in AD (Terry & Buccafusco 2003). Three acetylcholinesterase
inhibitors donepezil, galantamine and rivastigmine are currently used for treatment of
mild to moderate AD and meta-analyses show improvements in cognitive function,
ADLs and general behaviour, though the effects remain relatively small (Lanctot et al.
2003; Birks 2006). However, they also found that all three acetylcholinesterase
inhibitors evoke adverse drug reactions such as nausea, vomiting, diarrhoea and
anorexia (Lanctot et al. 2003; Massoud & Léger 2011). Memantine is a NMDA receptor
antagonist and is licensed as treatment for moderate to severe AD (Noetzli & Eap
2013). It is a relatively new drug and shows small but significant benefits for cognition,
ADLs, global functioning and neuropsychiatric symptoms and mostly only mild side
effects (van Marum 2009).

Many strategies for the development of AD therapeutics address AB, thereby trying to
reduce its production, inhibit aggregation or enhance its clearance (Soto 1999; Hardy &
Selkoe 2002). The main focus so far has been on modulation of secretases as well as on
immunotherapy and inhibition of AB fibril formation (Blennow et al. 2006).
Furthermore, anti-inflammatory agents, cholesterol-lowering drugs and antioxidants
are suggested to have positive effects (Blennow et al. 2006).

Many studies on potential therapeutics considered peptides, e.g. designed to prevent
B-sheet conformation (Soto 1999; Sun et al. 2012). However, many peptides showed
severe disadvantages since they can be immunogenic, instable due to degradation by
proteases and often show rapid clearance, low oral bioavailability and short in vivo
half-lives (Pauletti et al. 1997; Sato et al. 2006).
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1.2 Dp-enantiomeric peptides

D-peptides are peptides which are entirely composed of D-enantiomeric amino acid
residues. For in vivo administration, e.g. as medication, their use can be advantageous
to that of L-peptides. bD-peptides are more protease resistant than L-peptides, due to
the stereoisomeric selectivity of most proteolytic enzymes (Soto et al. 1996; van
Regenmortel & Muller 1998). As a result, system elimination is slower and they remain
stable in the body for longer periods of time than L-peptides, thereby providing more
time to be therapeutically active in vivo (Dintzis et al. 1993; Sela & Zisman 1997). This
was for instance shown for b-enantiomeric peptides in rat plasma (Poduslo et al. 1999)
and CSF of Rhesus monkeys (Findeis et al. 1999). In addition it has been shown that
they are not immunogenic or at least significantly less than L-peptides (Dintzis et al.
1993).

D-amino acid containing peptides are an increasingly emerging therapeutic approach
for AD therapy (Kumar & Sim 2014). It has been previously shown that short synthetic
peptides containing D-amino acids are able to reduce fibril formation and toxicity in
vitro (Soto et al. 1996; Blanchard et al. 1997; Tjernberg et al. 1997; Chalifour et al.
2003). Some also have shown promising results in vivo by reducing amyloid deposits
and improving cognition in transgenic AD mice. Examples are the peptides NH,-D-Trp-
Aib-OH (Frydman-Marom et al. 2009), D-4F (Handattu et al. 2009) and D3, which is
discussed in detail in the next paragraph.

1.2.1 Dp-peptide D3

To identify AB binding D-peptides, mirror image phage display was performed using a
large phage library and selecting for binding to APi4, under conditions where
monomers were expected to be the dominating species (Schumacher et al. 1996;
Wiesehan & Willbold 2003). D3 consists of 12 b-amino acid residues (rprtrlhthrnr) and
was first described in 2008 (van Groen et al. 2008). It was investigated in several in
vitro and in vivo assays showing the results described below.

Van Groen et al. (2008) showed in vitro that D3 is able to decrease the formation of
Thioflavin T positive aggregates, to prevent AB aggregation and to disassemble AB
aggregates. Further in vitro investigations showed that D3 is able to reverse AP
cytotoxicity, to completely rescue cell viability and was found to be non-toxic to cells in
concentrations of up to 200 uM. Consequently, D3 was assessed in vivo in transgenic
AD mice after 30 days of hippocampal infusion. They found that D3 had reduced the
AB load as well as the inflammation occurring near plaques (van Groen et al. 2008).

Furthermore, it was shown by administration of fluorescently labelled D3 to brains of
transgenic AD mice that D3 evokes no inflammatory response, can be taken up into
neurons and pericytes and preferably binds to AB1.4, (van Groen et al. 2009). The latter
was confirmed by a study by Bartnik et al. (2010) who additionally showed that D3 has
a clear preference for binding to AB;.4; oligomers compared to fibrils and monomers.
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Further in vivo studies were carried out, administering D3 orally in the drinking water
or via brain infusion to transgenic AD mice for 8 weeks. They showed that learning in
cognitive paradigms such as the Morris water maze was improved (Funke et al. 2010).
Furthermore, consistent experiments indicated that D3 reduces AB load and plaque-
associated inflammation in the transgenic mice (Funke et al. 2010; van Groen et al.
2012; van Groen et al. 2013). Additionally, direct infusion of lower doses of D3 into the
stomach of transgenic mice showed the same results, proving the efficacy of D3 even
at lower doses (Funke et al. 2010). However, in contrast to prior studies, no
improvement of cognition relative to the control mice was visible after 4 weeks of
treatment via hippocampal infusion (van Groen et al. 2012). Only slight improvements
were detectable after 8 weeks of hippocampal infusion to aged transgenic mice (van
Groen et al. 2013), with both studies using partially or completely fluorescently
labelled D3.

To investigate the mechanism of D3 action, further in vitro assays were performed and
showed that D3 induces the formation of large amorphous AB particles that do not
contain oligomers or regular fibrils (Funke et al. 2010). Furthermore, it was shown that
D3 inhibits fibrillogenesis of AB in seeding experiments (Funke et al. 2010), and cell
culture experiments also indicated that D3 is able to cross the blood-brain barrier by
transcytosis (Liu et al. 2010). D3 was shown to be able to form interactions with
negatively charged groups of AB that reduce solubility and advance AP aggregation
(Funke et al. 2010). This was confirmed by Olubiyi and Strodel (2012) who also showed
that the five positively charged arginine residues of D3 are the main interaction
partners and that binding induces large conformational changes in AB. Thereby B-sheet
units were reduced which might explain the observed inhibition of fibrillisation. Later,
it was shown that also the non-arginine residues contribute to the strong binding of D3
to AB (Olubiyi et al. 2014).

1.2.2 Derivatives of D3

RD2 is a derivative of D3 containing the same 12 p-amino acid residues, but with a
rationally designed sequence where all arginine residues were placed together at the
C-terminus (ptlhthnrrrrr). Both D3 and RD2 therefore are positively charged and have a
low molecular weight of 1.6 kDa. It was demonstrated previously that RD2 exhibits
strong binding to AB, similar to that observed with D3 but with higher affinity to AB
oligomers, and RD2 was shown to inhibit amyloid fibril formation in an in vitro assay
(Olubiyi et al. 2014).

Consequently, tandem peptides of D3 and RD2 were created in order to gain higher
affinities to AB. This is based on the expectation that multivalent D-peptides target
their multivalent target molecules, here the AP oligomer, with increased efficiency.
D3D3 is the head-to-tail tandem version of D3 and RD2D3 is a head-to-tail
heteropeptide that combines RD2 and D3. Both peptides therefore consist of 24
D-amino acid residues and have a higher molecular weight of approximately 3.2 kDa.
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1.3 Pharmacokinetics

Pharmacology investigates drugs and their effects in vivo. It is divided in
pharmacokinetics and pharmacodynamics (Brenner & Stevens 2010). Pharmacokinetic
studies examine mathematically the time-dependent fate of a drug administered into a
living organism. In contrast, pharmacodynamic studies examine the drug’s impact on
the organism it is applied to.

The drug’s concentration over time, and therefore its pharmacokinetic properties,
depends on different factors and processes (figure 5). The first step is the drug’s
absorption, followed by distribution, metabolism and excretion, which is generally
abbreviated by ADME. These steps depend on different factors such as the
administered dose, the administration route and the drug’s formulation as well as the
organism’s constitution and indication of the drug (Caldwell et al. 1995).

[ Drug administration ]

¢ Route of

administration

Dose
Absorption

v

Plasma protein Distribution

binding ¢

Metabolism

Formulation

Target i Reabsorption

[ Excretion/Elimination

Figure 5: Schematic representation showing processes of pharmacokinetics and influencing
factors. After drug administration, it is absorbed into the circulation and distributed through
the organism. Thereby, drugs can be affected by metabolism before they are excreted from
the organism. Many factors influence this process, some of which are shown in the ellipses.

For ethical reasons, extensive pharmacokinetic studies are carried out either in vitro or
in laboratory animals before a drug is first administered to humans (Leucuta & Vlase
2006). Therefore, knowledge of the pharmacokinetic ADME profile of a drug candidate
is essential to predict its efficacy in vivo. However, it is important to understand that
pharmacokinetic and safety assessment of drugs in animals and extrapolation to
humans remain critical steps since adverse reactions can be species specific. The
individual response to a drug depends on the target mechanism, the sensitivity to the
compound, the metabolism and the distribution of the compound all of which can
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differ between species as well as from person to person (Caldwell et al. 1995; Noetzli &
Eap 2013).

In pharmacology, stereoisomerism is an important factor since receptor and enzyme
affinities can be specific to the enantiomers. It is long known that this can result in
pharmacodynamic and pharmacokinetic differences between two enantiomers
(Williams 1990; Wang et al. 2005). Furthermore, stereoselectivity also results in
metabolism differences (Campo et al. 2009; Niwa et al. 2011).

1.3.1 Routes of administration

There are different routes to administer a drug to living organisms. Enteral
administration routes include oral and rectal administration which lead to the drug
being absorbed from the gastrointestinal tract (Brenner & Stevens 2010). For oral
administration (per os, p.o.), which is the most common route of administration, the
drug is swallowed and absorbed from the stomach and small intestines. Therefore, this
route is convenient, relatively safe and economical. However, absorption can vary
widely, drugs can be inactivated by gastric acid and first-pass metabolism (see 1.3.4)
can occur, additionally, depending on the patient’s condition, this route may not be
applicable (Brenner & Stevens 2010; Feucht & Patel 2011).

Upon parenteral administration routes, the drug does not pass the gastrointestinal
tract but is immediately systemically bioavailable or able to reach the target.
Intravenous (i.v.) administration gives the greatest control over the dose reaching the
circulation due to the avoidance of absorption processes. This is often used for
compounds with short half-lives and if careful titration of the dose is needed.
However, it is potentially the most dangerous route of administration, as for instance
the fast administration can lead to toxicity (Brenner & Stevens 2010). Intramuscular
and subcutaneous (s.c.) administration of drugs can be used for drug solutions and
suspensions, yet they can cause pain or skin irritation and cannot be used for large
volumes (Brenner & Stevens 2010). Suspensions are often used because they result in
slower absorption and therefore prolong a drug’s duration of action (Brenner &
Stevens 2010). In small animals intraperitoneal (i.p.) administration is frequently used,
in human patients it is less often performed but is used for certain indications such as
chemotherapy or other indications where the target is within the peritoneum or close
by (Chaudhary et al. 2010).

1.3.2 Absorption

Absorption refers to the way a drug enters the blood circulation or possibly directly its
target from the site of administration. This is important especially for orally delivered
drugs as the gastrointestinal tract is the most important site of absorption (Caldwell et
al. 1995). Further sites of absorption are the peritoneum, the skin and the respiratory
tract.
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Absorption requires a drug to cross one or more layers of cell membranes. This can
take place either by passive or facilitated diffusion or by active transport (Brenner &
Stevens 2010). The rate limiting determinants are concentration gradients, the
lipid/water partition coefficient of the drug and the presence of active carrier
molecules. Furthermore, active transport across cell membranes tends to show
stereoselectivity (Caldwell et al. 1995).

1.3.3 Distribution

A drug is mainly distributed via the blood circulation, thereby reaching organs and
tissues. The distribution of a drug through the body is dependent on hemodynamics,
passive diffusion across lipid membranes, presence of active transport molecules and
binding of proteins in plasma and tissue (Caldwell et al. 1995). Highly perfused organs
such as the heart, liver, kidney and brain are reached swiftly, enabling a fast onset of
drug action (Brenner & Stevens 2010). Plasma proteins (detailed in 1.3.7) play an
important role in binding of drugs and preventing them from reaching their target or
delivering them to their respective target organ (Bohnert & Gan 2013).

Furthermore, knowledge of possible accumulation sites is important in many ways.
Accumulation of a drug can provide a reservoir to prolong the presence of the drug in
the organism. If drugs accumulate, they usually do so in certain tissues and are slowly
released as plasma concentrations decrease (Caldwell et al. 1995). In this case,
termination of drug action depends on metabolism and excretion of the drug and can
lead to (potentially adverse) side effects (Caldwell et al. 1995).

1.3.4 Metabolism

Many drugs are metabolised and thereby transformed into one or more different
metabolites. This can leave activity unaffected, but can also render a potent agent
ineffective or lead to adverse effects caused by the metabolites (Leucuta & Vlase
2006). Furthermore, some drugs are applied as inactive agent and are then activated
by metabolic reactions (Brenner & Stevens 2010). Metabolism can be affected by many
factors, either physiological, endogenous (e.g. age, sex and genetic polymorphisms) or
exogenous (e.g. nutrition, daytime) (Caldwell et al. 1995).

Metabolism can be caused enzymatically or by spontaneous chemical transformation
(Caldwell et al. 1995). Enzymatic metabolism for example takes place in liver and
kidney. Potential metabolic pathways include demethylation, conjugation, dealkylation
and oxidation. The liver hepatocytes are the major site of metabolism for the majority
of drugs (Caldwell et al. 1995). Drugs can be metabolised directly following absorption,
being subject to first-pass metabolism. This describes the process in which a part of
the drug is absorbed from the gastrointestinal tract but is then metabolised in the gut
wall or the liver before reaching the blood circulation (Brenner & Stevens 2010).
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Drug metabolism (biotransformation) mostly happens in two phases. Phase |
metabolism serves to create or unmask a chemical group required for a phase Il
reaction, e.g. by oxidative reactions (Brenner & Stevens 2010). The most important
group of enzymes for metabolism is the cytochrome P-450 family which is involved in
oxidative metabolism of many compounds including most drugs (Glue & Banfield 1996;
Furge & Guengerich 2006). Phase Il metabolism involves conjugation with substances
such as acetate or glucuronate, which renders most metabolites inactive and
transforms them into a constitution which promotes elimination (Brenner & Stevens
2010). However, drug elimination or retention can also occur with the drug being
unchanged by metabolism.

1.3.5 Excretion

Excretion deals with the removal of a drug from the organism. This can appear along
different routes, the major ones being the kidneys and the liver (Caldwell et al. 1995).
Other routes include pulmonary excretion as well as excretion via saliva, sweat and
breast milk (Caldwell et al. 1995). For most drugs excretion takes place via the urine
with renal excretion involving different steps: filtration, secretion, reabsorption and
excretion (Brenner & Stevens 2010). In contrast, in the liver mostly active transport
processes play a role in excreting larger, both polar and lipophilic compounds,
facilitated e.g. by conjugated glucuronate (Brenner & Stevens 2010).

1.3.6 Calculation of pharmacokinetic parameters

In order to determine the parameters describing the pharmacokinetic profile of a drug,
mathematical models are used to analyse the data. One category of mathematical
modelling is compartmental pharmacokinetic analysis. Compartmental analysis is
needed to simulate the passage of the drug through the body which is represented as
a system of different compartments (Brenner & Stevens 2010). However, often non-
compartmental analysis is performed to determine the pharmacokinetic properties.
Pharmacokinetic parameters are here determined without the use of a specific
compartmental model. This is based on the theory of statistical moments and
parameters and is done under the assumption that the data follows linear
pharmacokinetics, which is the case if the plasma concentration can be described by
first order exponential equations and is proportional to the dose (Leucuta & Vlase
2006).

Parameters as the area under the concentration time curve (AUC) are used to calculate
the amount of drug that was absorbed into the body. Regarding the drug’s plasma
concentration time curve, the peak plasma concentration (Cnay) and the time to reach
the maximum concentration (tmnay) can be assessed (Jang et al. 2001). Furthermore, the
plasma bioavailability (F) is calculated, it is defined as the fraction of the administered
dose that reaches the systemic circulation (Brenner & Stevens 2010). It was defined
that a drug has 100 % bioavailability upon intravenous administration; therefore the
bioavailability of other administration routes is calculated relative to intravenous
13
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administration. This is of importance for oral administration of drugs, since their
bioavailability can be especially low, often due to pharmaceutical factors (e.g. tablet
disintegration) as well as biological factors (e.g. presence of food and first-pass
metabolism) (Brenner & Stevens 2010).

Furthermore, to gain more information about the distribution, e.g. the volume of
distribution (V4) is determined, which is defined as the volume of fluid wherein a drug
would have to be dissolved to have the same concentration as it does in plasma
(Brenner & Stevens 2010). Low V4 values similar to the plasma volume indicate a
restricted distribution; high V4 volumes approaching the total body water indicate the
drug reaching intracellular fluid (Brenner & Stevens 2010). To assess elimination,
parameters such as the clearance (Cl) and terminal half-life (t;;) as well as the
elimination rate constant (A,) are determined. The clearance is the volume of blood
from which a drug is removed per unit time and the terminal half-life is the time
necessary to reduce the plasma drug concentration by half and can be calculated from
the elimination rate constant which describes the rate of terminal elimination (Brenner
& Stevens 2010).

1.3.7 Plasma protein binding

Early assessment of drug availability is an important tool to predict in vivo efficacy of a
drug candidate. However, the distribution of the drug can be limited by binding to
plasma proteins which can result in a reduced free concentration available for
therapeutic action (Tillement et al. 2006; Trainor 2007). Especially the free drug
concentration at the therapeutic target is thought to determine the efficacy of a drug
(Smith et al. 2010). For most organs the free drug concentration is identical to that in
blood, because there is no barrier between the blood and the target organ. This is not
true for the brain where the blood brain barrier restricts the access of many
substances (Liu et al. 2014).

Additionally, plasma protein binding can also provide a reservoir to prolong the
availability of the drug (Kratochwil et al. 2002). It is therefore important to monitor
plasma protein binding in pharmacokinetic studies, especially in elderly patients where
age as well as physiological and pathophysiological changes can lead to altered free
drug concentrations (Grandison & Boudinot 2000).

The major drug-binding components in plasma are human serum albumin (HSA), a-
acid glycoprotein (AGP), lipoproteins and erythrocytes, with the first two thought to be
predominant (Bohnert & Gan 2013). HSA is the most abundant protein in human blood
plasma (50 - 60 %, 66 kDa, 0.53 - 0.75 mM concentration) (Kratochwil et al. 2002). It is
mainly responsible for binding of acidic drugs (Brenner & Stevens 2010; Liu et al.
2014). HSA has several hydrophobic binding sites and is therefore able to bind a wide
diversity of ligands reversibly with high affinity (Kratochwil et al. 2002). AGP,
sometimes also called orosomucoid, accounts for 1-3 % of total plasma protein (about

14



Introduction

40 kDa, 12 - 31 uM in plasma) and is an acute-phase protein which is synthesised in the
liver (Colombo et al. 2006; Trainor 2007). Therefore, its concentration fluctuates with a
person’s health as well as it depends on age, gender and other circumstances (Blain et
al. 1985; Bohnert & Gan 2013). Basic and neutral (lipophilic) drugs mainly bind to AGP
(Brenner & Stevens 2010; Liu et al. 2014).

However, it was shown that the available drugs indicated for the central nervous
system exhibit no general preference for high or low HSA binding (Kratochwil et al.
2002). In contrast, newly approved drugs often show high plasma protein binding
(Zhang et al. 2012a; Liu et al. 2014). Furthermore, it was also reported for frequently
prescribed drugs with indication for the central nervous system that binding to brain
tissue does not hamper a drug’s efficacy (Maurer et al. 2005). Plasma protein binding
has also been found to be stereoselective (Brocks 2006; Shen et al. 2013).

Plasma protein binding therefore is not a criterion that needs to be optimised in drug
candidates, but nevertheless remains a parameter that should be investigated in the
process of drug development (Liu et al. 2014).
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2 Objective

Alzheimer’s disease is the most common form of dementia. As the population ages,
more people will develop Alzheimer’s disease and suffering and costs increase. To
date, only short symptomatic relief is possible, but no causative treatment is available.
Therefore, research on novel potential therapeutics is very important.
Pharmacokinetic studies are a means to gain important information on the behaviour
of a drug in the body. This can help improving the therapeutic agent and it provides a
tool for lead compound selection for further processing to preclinical research.

The aim of the presented study is the analysis of pharmacokinetic properties of the
D-enantiomeric peptide D3 and its derivatives. Of special interest is the question
whether and to what extent the peptides are taken up across the blood brain barrier.
D3 and its derivatives were developed as potential therapeutic agent for treatment of
Alzheimer’s disease, therefore access to the brain is considered a requirement for
therapeutic activity. Moreover, due to the patients’ age and often compromised state
of health, the possibility of oral administration or availability of another easy route of
administration is of high importance.

To analyse the pharmacokinetic properties of the chosen D-peptides, they were
radioactively labelled and administered to mice via different routes of administration.
After different durations of time specific organs were harvested and the presence of
radioactive peptide was analysed. Furthermore, binding to plasma proteins was
analysed as this could prevent the peptides from reaching the brain. From this data,
pharmacokinetic parameters were calculated and compared.

Ideally, the peptides should be able to access the brain in considerable amounts.
Additionally, a relatively long half-live and a high bioavailability especially upon oral
administration represent favourable results.
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Abstract

Targeting toxic amyloid beta (AB) oligomers is currently a very attractive drug development
strategy for treatment of Alzheimer’s disease. Using mirror-image phage display against
AB1-42, we have previously identified the fully D-enantiomeric peptide D3, which is able to
eliminate A oligomers and has proven therapeutic potential in transgenic Alzheimer’s dis-
ease animal models. However, there is little information on the pharmacokinetic behaviour
of D-enantiomeric peptides in general. Therefore, we conducted experiments with the triti-
um labelled D-peptide D3 (*H-D3) in mice with different administration routes to study its
distribution in liver, kidney, brain, plasma and gastrointestinal tract, as well as its bioavail-
ability by i.p. and p.o. administration. In addition, we investigated the metabolic stability in
liver microsomes, mouse plasma, brain, liver and kidney homogenates, and estimated the
plasma protein binding. Based on its high stability and long biological half-life, our pharma-
cokinetic results support the therapeutic potential of D-peptides in general, with D3 being a
new promising drug candidate for Alzheimer’s disease treatment.

Introduction

After the initial description by Alois Alzheimer in 1906 [1], Alzheimer’s disease (AD), a pro-
gressive neurodegenerative disorder, has become nowadays the most common form (60-80%)
of dementia [2]. According to the World Alzheimer Report 2014, nearly 36 million people
worldwide are suffering from AD or related dementia. Even after years of intensive
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investigation and research, it is still an incurable disease [3]. Current treatments are only sup-
portive against some of its symptoms. Clinical duration of AD varies from one to 25 years, typi-
cally eight to ten years [4].

Amyloid beta (AB) is produced by sequential cleavage of a type I integral transmembrane
protein, called amyloid precursor protein (APP) by B- and y-secretases. Variable lengths of Ap
isomers differing at the C-terminus are produced due to imprecise cleavage by y-secretase [5,
6]. The most abundant isomers are AB1-40 (approximately 80-90%) and AB1-42 (approxi-
mately 5-10%). AB1-42 is more hydrophobic and fibrillogenic, and therefore the main compo-
nent of A plaques in the brain of AD patients [7]. It also aggregates readily into oligomers,
which are considered to be the most toxic form of AB [8-10].

In recent years, many substances have been developed targeting Ap production and clear-
ance [11], including peptide-based drugs [12, 13]. In spite of the many advantages of peptide
drugs, for example high specificity and low toxicity, their short half-life time in vivo due to
rapid degradation by proteases, and low bioavailability by oral administration, restrict their
clinical usage. In comparison to naturally occurring L-form peptides, peptides derived from
partial D-amino acid substitutions or D-enantiomeric peptides, which are composed entirely
of D-amino acids, have advantages over L-enantiomers. Because of the stereoisomeric selectivi-
ty of proteolytic enzymes they are less prone to proteolysis, therefore longer half-lives and
higher bioavailability after oral administration are to be expected [14-16]. Furthermore, they
are less or even not immunogenic at all [13].

The fully D-enantiomeric peptide D3, which was identified by mirror-image phage display
[17, 18] for binding to AP (1-42), has been shown to have interesting properties. D3 inhibits
AB fibril formation and eliminates AB-oligomers in vitro. Ex vivo, D3 has been shown to specif-
ically bind to amyloid plaques in transgenic mice [19]. In vivo, D3 was able to reduce plaque
load and inflammation markers in the brains of treated transgenic mice, as well as improve
their cognition even after oral administration [20-23]. Here we investigate the pharmacokinet-
ic properties of D3 in mice.

We present the first comprehensive preclinical pharmacokinetic study of a peptide consist-
ing solely of D-enantiomeric amino acid residues in general and in particular for such a D-pep-
tide developed for the treatment of Alzheimer’s disease.

Materials and Methods
Materials

*H-D3 (rprtr—(4,5—3H—Leu)—hthrnr) and its L-form enantiomer *H-(L)-D3 (RPRTR-
(4,5-H-Leu)-HTHRNR) were purchased from Quotient Bioresearch (Radiochemicals) Ltd.
(Cardiff, United Kingdom) with 10-100 Ci/mmol, 1 mCi/ml and purity >95%.

All chemicals were supplied by Fluka Chemie AG (Buchs, Switzerland), Merck (Darmstadt,
Germany), AppliChem (Darmstadt, Germany) and VWR (Darmstadt, Germany) in research
grade. Micro-osmotic pumps (model 1007D) were purchased from Alzet DURECT Corpora-
tion, (Cupertino, CA, USA).

Animals

Male C57Bl/6 mice (Charles River, Sulzfeld Germany) with an average age of 13 weeks and
body weight of 28.5 g were used in this study. For micro-osmotic pump i.p. implantation ex-
periment, 19 months old mice were used with average body weight of 34 g. The mice were
hosted in the animal facility of the Forschungszentrum Juelich under standard housing condi-
tions with free access to food and water for at least 2 weeks before experiment. All animal ex-
periments were approved by the Animal Protection Committee of the local government
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(LANUYV (Landesamt fir Natur, Umwelt und Verbraucherschutz), North-Rhine-Westphalia,
Germany, AZ84-02.04.2011. A359 and AZ84-02.04.2011. A356) according to the Deutsche
Tierschutzgesetz). All sections of this study adhere to the ARRIVE Guidelines for reporting an-
imal research [24]. A completed ARRIVE guidelines checklist was included in Supporting In-
formation (S1 File).

Pharmacokinetic studies

Mice were administered with 100 pl radioactive working solution consisting of 5 uCi *H-D3 in
5 ul with 95 pl buffer (0.1 M phosphate buffer, pH 8) as a single bolus dose either i.v. (tail vein),
i.p. or p.o. (gavaging). In order to achieve the desired total D3 concentration, non-radioactive
D3 was added to a concentration of 1 mg/ml (i.v.) or 3 mg/ml (i.p. and p.o.). Doses were select-
ed from previous tolerability studies and were not causing any adverse effects. Lv. injections
and i.p micro-osmotic pump implantations were performed under anaesthesia with ketamine/
medetomidine per i.p. administration. Antisedan was administered s.c. to reverse the anaesthe-
sia directly after the intervention, which took about 10 min. Sampling times were chosen de-
pending on the route of administration (i.p.: 10, 20, 30, 60, 120, 240, 360, 1440 and 2880 min.;
p.o.: 10, 20, 30, 60, 120, 240, 360, 1080, 1440, 2880 and 4320 min.; i.v.: 3, 5, 10, 15, 30, 60, 240,
1440 and 2880 min.; 3 animals per time point). For i.p. micro-osmotic pump implantation, de-
livery dose of pumps was set to 5 uCi *H-D3 plus 0.3 mg non-radioactive D3 per 24 hours per
mouse. Sampling times were 2, 4 and 6 days after implantation (3 mice per time point).

Upon sampling time, blood was drawn per heart puncture under isoflurane anaesthesia and
heparinized plasma was isolated. A small piece of liver (approx. 0.2 g), the left kidney and the
right brain hemisphere were sampled. To study the gastrointestinal absorption and elimination
by p.o. administration, mice were fasted 18 hours before the experiment and their complete
gastrointestinal tracts were prepared. Small intestine was dissected into 4 equal parts and
marked from oral to aboral as 1 to 4, respectively. Organ samples were weighted and homoge-
nized in homogenizer tubes (Precellys Ceramic Kit 1.4 mm, Precellys 24, Bertin technologies
SAS, Montigny le Bretonneux, France) with 500 pl PBS. 10 ml scintillation cocktail (Ultima
Gold XR, PerkinElmer, Waltham, Massachusetts, USA) was added to 100 pl of each organ ho-
mogenate or plasma (diluted 1:1 with PBS) and mixed well. Disintegrations per unit time
(dpm) were obtained in triplicates with a liquid scintillation counter (Packard Tri-Carb
2100TR Liquid Scintillation Analyser, PerkinElmer, Waltham, MA, USA). Blank values of each
sample were obtained by omitting radioactive substance following the same protocol.

Radioactivity counted in each sample was adjusted (subtraction of the blank value) and was
expressed as percentage injected dose per gram tissue or millilitre plasma (%ID/g or %ID/ml),
or as milligram of total D3 per gram tissue or millilitre plasma (mg/g or mg/ml).

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated with non-compartmental analysis using Phoenix
WinNonlin, version 6.3 (Pharsight Corp., St. Louis, USA). Mean D3 concentrations per time
point were used to calculate the PK parameters (model type: plasma (200-202); calculation
method: linear trapezoidal linear interpolation; dose options: “IV Bolus” for i.v. or “Extravascu-
lar” for i.p. and p.o. administration). The same model setting was used to estimate pharmacoki-
netic parameters of brain. For i.v. administration, plasma concentration at time zero (C0) was
back extrapolated with a log-linear regression of the first two observed plasma concentrations,
while brain C0 was set to be zero. For the i.p. and p.o. administrations, all concentrations at
time zero were set to be zero.
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The last three to five observed mean plasma concentrations were used to estimate the first
order rate constant in the terminal elimination phase (Lambda_z) based on the largest adjusted
square of the correlation coefficient (R?) of the log-linear regression lines. The area under the
curve (AUC) from CO0 extrapolated to infinity (AUCcy.inr) was calculated as the sum of AUC-
co-lastt(Clast/Lambda_z), calculated from the last determined concentration derived by Lamb-
da_z, and AUCc_j, representing the AUC from time point zero to the last observed
concentration (Clast). Parameters that do not require Lambda_z were calculated for brain data:
time of maximal observed concentration (Tmax), maximal observed concentration (Cmax),
maximal observed concentration normalized to dose (Cmax/D), AUCg.1.s: and mean resi-
dence time from the time of dosing to the last time point (MRT ¢ jas). Additional parameters
requiring estimated Lambda_z were calculated for plasma data: Lambda_z, terminal half-life
(HL_Lambda_z), AUCy.inp terminal volume of distribution (Vz), plasma clearance (Cl),
MRTcq.inr and volume of distribution at steady state (Vss). Absolute bioavailability of i.p. and
p.o. administration was calculated with AUCy.in¢ by: F(bioavailability) = [AUC(non-iv)*Dose
(iv)]/[AUC(iv)* Dose(non-iv)]*100.

To minimize the time dependence of brain-plasma ratio by bolus dosing, brain-plasma ratio
was calculated from the areas under the brain and plasma concentration curves in the terminal
elimination phase starting from 4 hours to infinity (brain_ AUC,, in¢/plasma_AUC . ing).

Plasma protein binding

Plasma protein binding was estimated by incubation of D3 with varying concentrations of pro-
tein using TRANSIL*" binding kits (Sovicell GmbH, Leipzig, Germany). Ky values were deter-
mined by titrating a constant drug concentration against different concentrations of human
serum albumin (HSA) and o, -acid glycoprotein (AGP). Experiments were performed as rec-
ommended for the kit. To obtain the desired D3 stock solution of 80 uM, non-radioactively la-
belled D3 was dissolved in PBS and 5% *H-labelled D3 solution was added for detection
purposes. A final concentration of 5 uM D3 was applied in the assay. After incubation and cen-
trifugation 15 pl supernatant were taken and scintillation cocktail was added. This was done in
triplicate. Radioactivity was then quantified using liquid scintillation counting. After measur-
ing the disintegrations per minute (dpm) of the supernatant containing the unbound peptide,
the D3 fraction bound to the titrated protein was calculated and plotted against the protein
concentrations. The curves were fitted to the Michaelis Menten ligand binding equation (Sig-
maPlot 11.0, Systat Software, Inc., San Jose, California, USA) to obtain the Kp. Mean and rela-
tive standard error (%) of multiple measurements are given (AGP n = 3, HSA n = 2).

For bioavailability determination, the unbound fraction of D3 (f,) was calculated using the
equation below:

- §
Cog —Kp—Cptysiol Cps —Kp—Cphysial |~
2 + KD * CD:! Jr 2

C

£, =100 * (1)

D3

For very low D3 concentrations in blood (Cps), Eq (1) can be simplified by Eq (2), where the
unbound fraction of D3 can be calculated independently of the applied D3 concentration.
Since this is true for our in vivo experiments we used Eq (2) for the total free fraction of D3,
combining the binding of D3 to HSA and AGP. For calculation of the overall unbound fraction
according to Eq (2), physiological concentrations (Cypysiq) of 0.65 mM HSA and 0.02 mM
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AGP were assumed.
1

Cotiys . g
physiolHSA physiolAGP
1+ KpHSA + KpAGP

.ﬁa.mml =100 =

Calibration curves and internal standard

Calibration curves were prepared by adding a corresponding *H-D3 dilution series with certain
dpm range to plasma or organ homogenates in comparison to those diluted in PBS. The dpm
ranges of each *H-D3 dilution series were set to cover the measured dpm ranges of each sample
(for plasma 400-40000; for brain 100-1200; for liver 3000-15000; for kidney 40000-400000).
Plasma and organ homogenates obtained from C57Bl/6 mice were prepared following the
same procedure as outlined above.

No differences were found comparing the calibration curves of *H-D3 in organ homoge-
nates or plasma to those in PBS. The measured dpm values of the internal standard with
*H-D3 in PBS matched closely the expected ones.

Thin layer chromatography

In order to study the proteolytic stability of peptides in biological extracts, tritium labelled pep-
tides were incubated with liver microsomes (pooled from mouse (CD-1), Sigma-Aldrich),
freshly prepared mouse plasma or extracts of brain, liver and kidney at 37°C for different time
periods (from 0 min to 2 days). 1 pCi (approx. 0.08-0.8 pg) radioactive labelled peptide was
mixed with 1 pl microsomes stock solution, plasma or organ extracts, respectively (in great ex-
cess to peptide). Mixtures containing tritium-labelled peptides were applied onto HPTLC Silica
Gel 60 plates (OMNILAB, Essen, Germany) for thin layer chromatography (TLC) with a mo-
bile solvent (2-Butanol/Pyridine/Ammonia(28%)/Water(39/34/10/26)). After development, a
phosphor imaging plate for *H-autoradiography (FUJIFILM, Tokyo, Japan) was exposed to the
TLC plates for 3 days. Images were acquired with a BAS reader and AIDA software (Raytest,
Freiburg, Germany). Retardation factor (Rf) of each substance was defined as the ratio of the
migration distance of the centre of a separated spot to the migration distance of the

solvent front.

Results
Proteolytic stability of D3 in comparison to its L-enantiomer

Before meaningful pharmacokinetic studies could be performed with *H-D3, it was essential to
show that the D-peptide is stable under near in vivo conditions. First, we compared the stability
of *H-D3 with its exact enantiomer, >H-(L)-D3 in plasma (Fig 1). 3H-(L)-D3 shows significant
degradation already after 60 min incubation in plasma as concluded by the appearance of addi-
tional bands as compared to the mixture at 0 min on the TLC plate after detection by autoradi-
ography. In contrast, *H-D3 did not show any degradation products even after 2 d incubation
in the same plasma preparation.

More importantly, *H-D3, was neither degraded after 2 h incubation in liver microsomes
nor after 2 days incubation in homogenates of kidney, brain and liver as shown by TLC and de-
tection by autoradiography (Fig 2). Microsomes were checked for proteolytic activity using L-
peptide substrates.

Due to high but unspecific affinity of D3 and (L)-D3 to the TLC plate support material
(glass), artefacts were observed at the starting points of the TLC as well as light smears
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Fig 1. Autoradiogram demonstrating proteolytic stability of *H labelled peptides in plasma. *H-D3 was incubated with plasma for different times at
37°C and developed on TLC plates. For comparison, the exact enantiomer of D3, (L)-D3, was used in this stability assay. *H-(L)-D3 was incubated with
plasma for 0 and 60 min at 37°C. Please note that free ®°H-(L)-D3 and free ®°H-D3 are perfect enantiomers to each other and because the TLC material is not
chiral, both compounds show identical Rf values. Additional bands in the 0 min lanes of °H-(L)-D3 and ®H-D3 that arise from binding and co-migration of
3H-D3 and *H-(L)-D3 to plasma components do not necessarily have identical Rf values in the 0 min lanes of *H-(L)-D3 and ®H-D3, because some of the
plasma components are enantiomers themselves. Therefore, any effect of degradation will lead to extra additional bands as compared to the 0 min lane of
the very same compound. Qbvious proteolytic degradation can be observed for *H-(L)-D3 already after 60 min incubation with plasma leading to additionally
appearing bands (black arrows) as compared to the 0 min lane ®H-(L)-D3. Additionally appearing bands as compared to 0 min incubation are not observed for
3H-D3 even after 2 days incubation.

doi:10.1371/journal.pone.0128553.g001

originating thereof. To prove that these compounds were not located in the layer of the TLC
matrices, a control experiment was performed by placing a new TLC plate to a freshly devel-
oped plate to transfer only the *H-peptides within matrices, but not those on the glass surface
support (Fig 3). Artefacts could thus be eliminated.

Pharmacokinetics

Time dependent distribution of D3 in organs and plasma after different administration routes
was analysed using tritium labelled D3 (*H-D3) as shown in Fig 4. The corresponding pharma-
cokinetic parameters calculated with non-compartmental analysis based on the absolute
amount of administered D3 are shown in Tables 1 and 2.

After i.v. and i.p. administration, pharmacokinetic curves showed similar patterns with
highest concentration of tritium per gram tissue found in kidney, followed by liver and plasma.
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Fig 2. Autoradiogram demonstrating proteolytic stability of >H labelled peptides in liver microsomes and organ homogenates. *H-D3 was incubated
with kidney, brain and liver homogenate for 0, 10, 30, 60, 240 min and 1, 2 days at 37°C and developed on TLC plates. For liver microsomes, the incubation
time was 0, 10, 30, 60 and 120 min. Slight difference in Rf values of ®°H-D3 in liver homogenate might be due to incompletely homogenized liver tissues,
which was not observed after incubation with liver microsomes, (Two autoradiograms of liver homogenate were presented in one image and separated
through a dashed line.) No obvious proteoclytic degradation of D3 can be observed in all the organ homogenates with up to two days' incubation.

doi:10.1371/journal pone.0128553.9002

However, after oral administration *H-D3 concentrations measured in kidney and liver did not
exceed concentrations in plasma (Fig 4). Plasma Cmax/D after i.v. administration reached
78 pg/ml/mg at Tmax 3 min (the first sampling time point), while after i.p. and p.o. administra-
tion plasma Cmax/D were 47 ug/ml/mg at 10 min and 1.5 pg/ml/mg at 240 min (Table 1). In
brain, the Cmax/D and their corresponding Tmax values for i.v., i.p. and p.o. administration
were 2.8, 2.2 and 1.3 pg/ml/mg at 3, 20 and 240 min, respectively (Table 2). However, after 4
hours concentrations in brain reached similar concentrations irrespectively of the administra-
tion route (Fig 4). Although plasma concentrations after p.o. administration appeared to be
very low in comparison to i.v. and i.p. administration, comparable concentrations of *H-D3
were found in the brain resulting in high brain/plasma ratio after 4 h (Fig 5).

4 hours after a *H-D3 bolus dose, brain/plasma ratio of all administration routes reached a
plateau between 0.7 and 1.0 (Fig 5). To minimize the time dependence of brain/plasma ratio,
the absolute ratios were calculated from the area under the brain and plasma concentration
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Fig 3. Plate-transfer of °’H-D3 in TLC matrices. A control experiment was performed by placing a new TLC
plate to a freshly developed plate to transfer only the *H-D3 within matrices. On the mirror image of the
transferred plate, the °H signals at the start points as well as the smears were obviously reduced, while the
intensity of separated *H-D3 did only change slightly. This result suggests that the observed artefacts arise
from unspecific ®H-D3 binding to the glass surface.

doi:10.1371/journal. pone.0128553.9003

curves from 4 hours to infinity (brain_AUCy;, ;,¢/plasma_AUC,j, ;) with 1.07 for i.v., 0.69 for
i.p., and 0.85 for p.o. administration.

After bolus administration, D3 showed relatively long elimination half-lives in plasma of
31.8 h,41.2 h and 40.7 h after i.v., i.p. and p.o. administration, respectively. Plasma clearance
was 0.12 ml/min after i.v. administration. Apparent volumes of distribution were different
among i.v., i.p. and p.o. administration with 316, 444 and 684 ml, respectively (Table 1).

Absolute bioavailability was high with 92.2% after i.p. administration and 58.3% after p.o.
administration (Table 1). When studying gastrointestinal distribution of D3 after p.o. adminis-
tration (Fig 6), most of the radioactivity was found in the lower intestinal tract after 4 hours,
which suggested that the majority of D3 did not enter the system circulation within 4 hours.
Still, the AUC of D3 in brain after p.o. administration was comparable to those after i.p. and i.
v. administration (Table 2).

We were also interested in answering the question, whether continuous dosing over several
days using an i.p. implanted osmotic pump is showing specific effects in D3 distribution. We found
linearly increasing D3 concentrations in plasma and all tested organs over 6 days (Fig 7). Although
D3 highly accumulated in liver and kidney at day 6, the mice did not show any obvious signs of in-
toxication. The brain/plasma ratio increased with time from 0.53 at day 2 to 0.77 at day 6.

Plasma protein binding of D3

To estimate the free fraction of D3 in plasma in vivo (£, 1or1), D3 was incubated with human
serum albumin (HSA) and o;-acid glycoprotein (AGP) in an in vitro assay (Fig 8). The plasma
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Fig 4. Mean pharmacokinetic profiles of °H-D3 in organs and plasma after i.p., p.o. and i.v. administration. *H-D3 (5 uCi) mixed with D3 in a total
concentration of 3.5 mg/kg (i.v.) or 10.5 mg/kg (i.p. and p.o.) was applied per mouse. D3 concentrations are shown as percentage of injected dose per gram
tissue or milliliter plasma (%ID/g or %ID/ml) dependent of time after administration. Mean values from 3 mice are shown.

doi:10.1371/journal.pone.0128553.9004

protein binding assay for AGP resulted in a Kp, of 1.8 uM + 7.9%. Assuming a D3 concentra-
tion in blood of 0.1 uM (Cp3, measured 4 h after i.p. injection) calculation of binding to AGP
according to Eq (1) predicts a free fraction of 8.3%. For HSA, the K}, was above the detection
limit of the kit (> 1.4 mM) indicating very low affinity of D3 to HSA. Nevertheless, calculation
of the free fraction with an assumed Kp, of 1.4 mM resulted in 68.3% free D3. Taken together,
using Eq (2), the estimated free fraction of D3 in plasma was calculated to be approximately
8%.

Discussion

In the current study we have analysed the distribution of the D-enantiomeric peptide D3 after
single intravenous, intraperitoneal and per oral administration, as well as continuous dosing
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Table 1. Pharmacokinetic parameters for D3 from noncompartmental analysis of plasma.

Parameter Units i.v. (3.5 mg/kg) i.p. (10.5 mg/kg) p.o. (10.5 mg/kg)
Tmax min 3 10 240
Cmax ug/ml 7.75 14 045
Cmax/D pg/ml/mg 7.5 46.7 1.48
AUCco.jast min*pg/ml 679 1763 1095
MRTcoast min 547 527 1718
Lambda_z 1/min 0.00036 0.00028 0.00028
HL_Lambda_z min 1907 2471 2439
AUCcq.int min*ug/ml 869 2404 1521
MRTcouint min 1658 2104 3430

Vz ml 317 445 684

Cl ml/min 0.115 N.A. N.A.
Vss ml 190 N.A. N.A.
Bioavailability % N.A. 92.2 58.3

N.A.: Parameters not applicable for this administration route. For abbreviations see methods section.

doi:10.1371/journal.pone.0128553.t001

via intraperitoneally implanted osmotic pumps. To the best of our knowledge, this is the first
report of a comprehensive pharmacokinetic study of a peptide consisting solely of D-enantio-

meric amino acid residues in rodents demonstrating excellent proteolytic stability, long plasma

half-life and very high oral bioavailability.

D3 showed high proteolytic resistance exactly as it was shown in vitro previously with other
all-D-peptides [14-16]. Thanks to this stability, metabolites can be neglected and the measured
°H radioactivity represents the concentration of D3 after administration in vivo.

Estimated terminal plasma half-lives of D3 were between 32 and 41 h and were thus much
higher than those reported for L-enantiomeric peptides which are typically only a few minutes
[25]. Four hours after administration, irrespective of the administration routes, the temporal
distribution of D3 in brain closely followed that in plasma resulting in brain/plasma ratios be-
tween 0.7 and 1.0 (Fig 5). While substances with a brain/plasma ratio larger than 0.3 are con-
sidered to have sufficient access to the central nervous system [26], our results suggest that D3

efficiently overcomes the blood-brain barrier.

Interestingly, by p.o. administration of D3, in spite of only a small rate of D3 being absorbed
via the enteric tract, the bioavailability was 58.3% (Table 1), which is relatively high in compari-
son to that of L-peptide drugs, which were described to be less than 1% without delivery en-
hancement [27-30]. This finding can be explained by slow oral absorption of D3 and
particularly long terminal half-life in plasma resulting in high AUC-values after p.o.

Table 2. Pharmacokinetic parameters for D3 from noncompartmental analysis of brain.

Parameter Units i.v. (3.5 mg/kg)
Tmax min 3

Cmax Hg/g 0.283

Cmax/D ug/g/mg 2.83

AUCco-jast min*uglg 275

MRTco fast min 1173

i.p. (10.5 mg/kg)

20
0.665
222
643
1108

p.o. (10.5 mg/kg)
240

0.390

1.30

935

1693

For abbreviations see methods section.

doi:10.1371/journal.pone.0128553.t002
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Fig 5. Temporal distribution of brain/plasma ratio of °H-D3 after different administration routes. Following bolus dose administration, low brain/plasma
ratios were found at the starting time points. After 4 hours, the ratios reached relative high values and varied between 0.7-1.0. Upon i.p. pump implantation
the ratio increased constantly with time.

doi:10.1371/journal.pone.0128553.9005

administration (Table 1). Low concentrations of D3 as found in kidney and liver after p.o. ad-
ministration are desirable because this lowers the risk of possible intoxication of important or-
gans. With absorption enhancers and a more suitable formulation of D3, even higher oral
bioavailabilities seem to be feasible. Due to the observed high stability of D3 against proteolysis
under biological conditions and its hydrophilic properties, elimination via biliary excretion
(without re-absorption) and renal clearance in unchanged form could be expected.

Estimated volumes of distribution were 11.1 (i.v.), 15.6 (i.p.) and 24.0 I/kg (p.0.), respectively
considering the body weight of the mice (28.5 g in average). The total body water in C57Bl/6
mice is approximately 0.6 I/kg [31], suggesting a distribution of D3 beyond the body fluid and
some uptake in peripheral tissues.

Plasma volume of distribution at steady state was also high with 191 ml and 6.69 I/kg con-
sidering the body weight of the mice and the fraction of unbound D3 in plasma was predicted
to be around 8%. High volume of distribution promotes low plasma clearance, which in our
study was approximately between 0.12-0.19 ml/min observed in all routes of administration.

In summary, the current study demonstrates high proteolytic stability for the D-enantio-
meric peptide D3, Furthermore, D3 enters the brain very efficiently and shows high oral bio-
availability. The terminal half-life in mice after p.o. administration was approximately 41 hours
with a brain/plasma ratio between 0.7 and 1.0, and a bioavailability of about 60%.
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Fig 6. Distribution of *H-D3 after p.o. administration in organs and plasma. 20 min after gavaging of 100 pl, 5 uCi *H-D3 with a total D3 concentration of
10.5 mg/kg, most of the radioactivity was located in the middle of small intestine (intestine 2 and 3); 4 hours later, it spread to the lower intestinal tract. Of note

is the high concentration of D3 observed in the appendix. At this time point, D3 could already be detected in feces. In comparison to the gastrointestinal tract,
the amount of D3 in other organs or plasma after p.o. administration was very low.

doi:10.1371/journal.pone.0128553.9006
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Fig 7. Concentration of °H-D3 in kidney, liver, brain and plasma administered via i.p. implanted osmotic pump. Alzet mini pumps with a delivery rate
of 0.3 mg D3 (plus 5 uCi ®°H-D3) per 24 hours were implanted i.p. and organs were sampled after 2 to 6 days. Similar to bolus i.p. administration, more *H-D3
was found in kidney than in liver (A), whereas D3 concentrations in plasma and brain were considerably lower (B). The concentration of D3 was increasing
linearly over time suggesting that the saturation concentration in the respective organs and plasma was not reached by 6 days of continuous dosing.

doi:10.1371/journal.pone.0128553.9007
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Fig 8. The bound D3 (in dpm) over the protein concentration as determined using the TRANSIL*" kits.
Each sample contained 5 uM D3 added to varying concentrations of AGP or HSA. (A) AGP fitted to the
Michaelis Menten equation (red). (B) The binding of D3 to HSA was below the detection limit of the kit (Kp >
1.4 mM).

doi:10.1371/journal.pone.0128553.g008

In our previous studies, D3 already proved to be therapeutically active in reversing cognitive
deficits and amyloid plaque load in vivo. Given its high oral bioavailability, suitably formulated
D3 with multiple dosing might be a promising drug candidate against Alzheimer’s disease.
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ABSTRACT 0.06 (ng/g)/(mg/kg) with brain/plasma ratios ranging be-
Purpose It has been shown that amyloid B (AP) oligomers  tween 0.7 and 1.0. RD2 shows a small elimination constant
play an important role in the pathology of Alzheimer’s disease ~ and a long terminal hal-life in plasma of more than 2 days. It
(AD). D3, a peptide consisting solely of D-enantiomeric amino  also exhibits high bioavailability after i.p., s.c. or p.o.
acid residues, was developed to specifically eliminate AB olig-  administration.

omers and is therapeutically active in transgenic AD mice. - Conclusions These excellent pharmacokinetic propertics
peptides have several advantages over L-peptides, but little is ~ confirm that RD2 is a very promising drug candidate for AD.
known about their pharmacokinetic potential in vivo. Here, we

analysed the pharmacokinetic properties of RD2, a rationally ~ KEY WORDS Alzheimer's disease - D-enantiomer -
designed and potent D3 derivative. peptide - pharmacokinetics - predinical

Methods The pharmacokinetc analysis was performed using

*H-rD2 after administration via several routes in mice. The

time dependent amount of radiolabelled RD2 was measured in ABBREVIATIONS

plasma and several organ homogenates by liquid scintillation  9|D Relative injected dose
counting. Furthermore, binding to plasma proteins was AD Alzheimer’s disease
estimated. AGP oy-acid glycoprotein
Results RD?2 penetrates into the brain, where itis thoughtto  AUC Area under the concentration-time curve
implement its therapeutic function. All administration routes ~ AUMC  Area under the moment curve
result in a maximal brain concentration per dose (G /D) of - AR Amyloid p
G Concentration
cl Clearance
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Vi Distribution volume in steady state
vV, Terminal distribution volume

A, Terminal elimination rate constant
INTRODUCTION

Alzheimer’s discase (AD) is a progressive neurodegenerative
disorder and the most common form of dementia. It currently
affects about 24 million people worldwide, but to date, no
curative treatment exists (1,2).

The pathology of Alzheimer’s discase is mainly
characterised by extracellular amyloid plaques and in-
tracellular neurofibrillary tangles. Research suggests that
amyloid p (AP) aggregation plays a major role in the
development of AD (3,4), while AP oligomers are
thought to be the most toxic species (5—7). Therefore,
various strategies to develop AD therapeutics address
AP, trying to reduce its formation, inhibit aggregation
to fibrils or enhance its clearance (3,8). Several studies
on potential therapeutics considered peptides, e.g. de-
signed to prevent P-sheet conformation (3,9). However,
peptide drugs show several disadvantages since they can
be immunogenic, instable due to degradation by prote-
ases and often show rapid clearance (10). Additionally,
they generally have a very low oral bioavailability and
short in viwe half-lives (11).

D-peptides, which are entirely composed of D-amino
acids, are more protease resistant than L- peptides, due
to the stereoisomeric selectivity of most proteolytic en-
zymes (12,13). As a result, system elimination is slower
and they remain stable in the body for longer periods of
time than L-peptides, thereby providing more time to be
therapeutically active w viwo (14,15). This was for in-
stance shown for all D-enantiomeric peptides in rat plas-
ma and Rhesus monkey cerebrospinal fluid (16,17). In
addition it has been shown that they are not immuno-
genic or at least significantly less than L-peptides (15).

Previously, a D-peptide, called D3, has been identified by
mirror image phage display for binding to A (18,19). It has
been shown that it is able to improve both pathology and
cognition of AD transgenic mice e.g. after 4 weeks of i.p.
treatment or after 8 weeks of oral delivery (20-24;.

RD?2 is a derivative of D3 consisting of a rationally
repositioned sequence, resulting in improved binding to Ap
oligomers (25) which are currently widely believed to be the
most toxic AP species (26,27).

Here, we determined and compared the pharmacokinetic
propertics of RD2 in mice after intraperitoneal, subcutancous,
oral and intravenous delivery. This is the first systematic pre-
clinical pharmacokinetic study of a D-enantiomeric peptide to
such an extent.

@ Springer

METHODS
Peptides

RD2 (H-ptlhthnrrrrr-NHs, all amino acid residues are D-en-
antiomers, 1.6 kDa) was purchased from Cambridge Peptides
Ltd. (Birmingham, United Kingdom). The Lewis structure of
RD2 can be found in Fig. 1.

Radioactively labelled peptides were purchased from Quo-
tient Bioresearch (Radiochemicals) Ltd. (Cardiff, United
Kingdom) containing | mCi/ml and were supplied as solution
in waterzethanol (1:1). RD2 (H-pt-[4,5-"H-D-Leu]-hthnrrrrr-
NHy) was supplied with > 95% purity, containing 124 Ci/
mmol. Radioactively labelled 1-peptide (H-RPRTR-[4,5-H-
Leu]-HTHRNR-NH,), 103 Ci/mmol was used as control for
stability assessment.

Animals

C57BL/6 mice (Charles River Laboratories, Sulzfeld, Ger-
many) were housed in groups of up to four mice in standard
mouse individually ventlated cages with standard chip aspen
bedding, a nestlet was provided as cage enrichment. Water as
well as food were available ad lbitum. Housing rooms were
maintained on a 12/12 h light-dark cycle (7 a.m. — 7 p.m.},
with a temperature of 22°C and approx. 54% humidity. All
animal experiments were carried out in conformance with the
German Protection of Animals Act (TierSchG §§ 7-9) and
with permit of an Animal Protection Committee (AZ84-
02.04.2011.A356).

Proteolytic Stability

To assess the stability of RD2 in different organs, thin layer
chromatography (TLC) was applied using the *H-radioactive-
ly labelled RD2. As positive control an L-peptide was includ-
ed. Blood and organs were sampled from C57BL/6 mice
(25 g body weight). The animal was anaesthetised with
isoflurane (Actavis Deutschland GmbH & Co. KG,
Langenfeld, Germany) and blood was taken by cardiac punc-
ture with a heparin containing needle before the mouse was
sacrificed by cervical dislocation. Blood was spun down at 4°C
and 1200 g for 15 min and plasma was taken. A small piece of
liver (approx. 0.2 g), the left kidney and the right brain hemi-
sphere were taken. All organ weights were measured and
homogenised with 500 pl PBS per 0.2 g organ weight. Afier-
wards, organ homogenates were centrifuged at 4°C and
1200 g for 10 to 15 min and supernatant was taken off. 5 pl
radioactively labelled peptide (5 pCi) were then added to 1 pl
mouse plasma or organ homogenate supernatant. Afier dif-
ferent incubation times the reaction was stopped by adding
4 ul mobile solvent (2-butanol/pyridine /ammonia (28%)/ wa-
ter, 39/34/10/26 ml respectively) to each sample which was

35



Manuscripts

Pharmacokinetics of the A targeting D-peptide RD2

Fig. | Lewis structure and single
letter amino acid code of the D-
enantiomeric peptide RD2

(1.6 kDa). )
w9
N N
Hy o rH
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p t

then stored at - 20°C undil further use. Samples were then
dotted on the TLC membrane (HPTLC Silica 60 gel plates,
Merck, Darmstadt, Germany) and placed into the solvent.
Upon drying, start- and endpoint were marked with spots of
*H-labelled peptide. For *H detection plates were then placed
on phosphorimaging plates (Fujifilm, Tokyo, Japan) for 3 days
and afterwards detected using a BAS reader with AIDA soft-
ware (Raytest GmbH, Freiburg, Germany).

Pharmacokinetic Studies

Pharmacokinetic properties of *H-radioactively labelled RD2
in male C37BL/6 mice were studied using different adminis-
tration routes. The applied amount contained 10 mg/kg for
subcutaneous (s.c.) and intraperitoneal (i.p.) injection as well as
oral gavage (p.o.) and 3.3 mg/kg for intravenous (i.v.)
injection.

To achieve sufficienty high total concentrations of RD2, a
combination of *H-labelled “hot” RD2 and non-radioactive
“cold” RD2 was used, as detailed below. The working solu-
tion was prepared in phosphate buffer (0.1 M, pH 8.0). To
achieve the appropriate dose each mouse received *H-labelled
RD2 together with non-radioactive “cold” RD2, resulting in a
total dose of 10 mg/kg (i.p., p.o., s.c.) or 3.3 mg/kg (i.v.) RD2
per mouse. Lv. injection was given into the tail vain under
anaesthesia, Animals were sacrificed after different incubation
times as detailed in Table I, for each time point three mice
were used. Just before sampling time, the animal was
anaesthetised with isoflurane and blood was taken by cardiac
puncture with a heparin containing needle before the mouse
was sacrificed by cervical dislocation. Blood was spun down at
4°C and 1200 g for 15 min and plasma was taken. A small
piece of liver, the left kidney and the right brain hemisphere
were taken at all time points. Additionally, at the late time
points of 7 and 28 days, the spleen and the inguinal lymph
nodes were harvested (spleen all administration routes, lymph
nodes i.p. and i.v. only). 24 h afier i.v. and i.p. administration
urine and faeces were taken freshly (urine =2 (L.p.) n=4 (1.v.},
faeces n=35). All weights were measured and organs were
homogenised with 500 pl PBS. After mixing with 10 ml scin-
tillation cocktail (Ulima Gold XR, PerkinElmer, Waltham,

‘ +
Hal NH, HzNWNH2

NH

MA, USA) *H-radioactivity was then measured in triplicate
with a liquid scintillation analyser beta radiation counter
(PerkinElmer, Waltham, MA, USA) in form of disintegrations
per minute (dpm). The same procedure was performed on
three animals without RD2 application, thereby creating
blank reference values for each organ that were subtracted
from all dpm values.

From the activity of the working solution subtracted
with blank values and the organ weight the relative
ijected dose (%ID/g or %ID/ml) and total amount of
RD2 (mg/g or mg/ml) per gram organ or millilitre plas-
ma were calculated. All calculations of pharmacokinetic
parameters were based on the total RD2 concentration.
For calculation of pharmacokinetic parameters of the
brain the radioactivity resulting from residual blood was
subtracted assuming a plasma fraction of 1.5% in brain.
The relative injected dose was only used for presentation
purposes of the time dependent distribution in organs
and plasma and displayed as mean and standard error
of the mean where numbers are given.

Calculation of Pharmacokinetic Parameters

A non-compartmental analysis of pharmacokinetic parame-
ters was performed. The area under the curve (AUC) as well
as the area under the moment curve (AUMC) for the total
RD2 concentrations was calculated (SigmaPlot 11.0, Systat
Software, Inc., San José, CA, USA). The mean residence time
(MRT) was calculated according to MRT = AUMC/AUC.
The RD2 concentration at time zero was assumed to be zero
for all applications except for plasma after i.v. delivery where
it was back extrapolated from the first two observed concen-
trations in the semi-logarithmic time-concentration plot
(SigmaPlot). The terminal eliminaton rate constant (A,) was
obtained by logarithmic extrapolation based on the last ob-
served concentrations starting from 2 days post administration
(the correlation coefficient (%) was between 0.92 and 1.0 for all
extrapolations). Parameters containing the suffix “0-28" were
calculated from the measured data points while “0-inf” de-
notes values reaching into infinity being calculated based on
A,. The AUC and AUMC reaching into infinity were
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Table I Pharmacokinetic Expeni-
ments were Performed According Administration method Tirme points RD2 dose
to this Scheme
iV 3 min, 5 min, 10 min, 15 min, 30 min, | h,4h, 1 d,2d,7d,28d 3.3 mgkg
Lp. 10 min, 20 min, 30 min, | h, 2h,4h,é6h,1d,2d,7d,28d 10 mg/kg
Sics [0 min, 20 min, 30 min, | h,2h,4h,6h,1d,2d, 7d,28d 10 mgkg
p.o 30min, | h,2h,4h,6h 8h,18h1d,2d,34d,74d,28d 10 mgkg

Assessed durations post administration and concentrations of RD2 per route of administration are given. For each time

point three mice were used

calculated by AUC) /= AUC o5+ Cyg/A, and AUMC, -
inr=AUMC 95+ (Cog*tog)/ A, + Cog/ %>, The bioavailability
(F) was calculated on the basis of the respective AUC accord-
ing to F=100*%(D; , *AUC,,; )/ (D,;,.*AUC; ) with n.iv.
denoting the respective extravascular administration route.
Parameters describing the terminal elimination phase were
calculated based on A,: the terminal half-life (t; »=In2/2,)
and clearance (Cl;, =1, *V,), the terminal distribution vol-
ume (V,=D/(X,*AUC,,) (for niv. Cland V, were calculated
including the bioavailability: Cl,,; , =A,*V,/F and V,=(D*
F)/ (0, *AUC,,¢) was calculated as well as the distribution vol-
ume 1in steady state (V. bs?(D*AUM(])/AU(]!),

The overall brain/plasma ratio was determined using the
respective AUC_og whereas the brain/plasma ratio over time
was calculated from the individual values of each time point,
both with subtracted radioactivity from residual blood, assum-
ing a plasma fraction of 1.5% in brain (28).

Plasma Protein Binding

Plasma protein binding was estimated by incubation of
RD2 with varying concentrations of protein using
TRANSIL™" binding kits (Sovicell GmbH, Leipzig, Ger-
many). K values were determined by titrating a constant
drug concentration against different concentrations of hu-
man serum albumin (HSA) and o;-acid glycoprotein
(AGP). Experiments were performed as recommended
for the kit. To obtain the desired RD2 stock solution of
80 uM, non-radioactively RD2 was dissolved in PBS and
5% “H-labelled RD2 solution was added for detection
purposes. A final concentration of 5 pM RD2 was applied
in the assay. After incubation and centrifugation 15 pl
supernatant were taken and scintillation cocktail was
added for detection using liquid scintillation counting.
This was done in triplicate. After measuring the disinte-
grations per minute (dpm) of the supernatant containing
the unbound RD2, the fraction bound to the titrated pro-
tein was calculated and plotted against the protein con-
centrations. The curves were fitted to the Michaelis
Menten ligand binding equation (SigmaPlot) to obtain a
Kp. Mean and relative standard error (%) of multiple
measurements are given where applicable (AGP n=2).

@ Springer

For determination of the unbound fraction of RD2 (f},)

2
+ \/K.')*CRUZ + ( )

Crm
(1)

For very low RD2 concentrations in blood (Crpy), Eq. (1)

Eq. (1) was used:

Cro2 =K p— Chiysia
2

Croy—Kp—Cppyi

2
= 100%

can be simplified by Eq. (2), where the unbound fraction of
RD2 can be calculated independently of the applied RD2
concentration. Since this is true for our i vwo experiments
we used Eq. (2) for the total free fraction of RD2, combining
the binding of RD2 to HSA and AGP. For calculation of the
unbound fraction according to Eq. (2), physiological concen-
trations (Cphysio) of 0.65 mM HSA and 0.02 mM AGP were
assumed.

|
Cpbysial 154

= 100* : 2
fu.{ur‘al (J]J.’g}xu'af“!(;}’ ( )

I+

K D.HSA K DAGP

RESULTS
Proteolytic Stability of RD2

To confirm stability of *H-labelled RD2 in mouse plasma, thin
layer chromatography (TLC) was performed after incubation
of "H-RD?2 with plasma for up to 1 day and detected via
autoradiography. This experiment was essential to consider
potential metabolites in later pharmacokinetic analyses.
TLC results showed that RD2 remained stable in mouse plas-
ma (Fig. 2) for atleast 24 h while a comparable L-peptide was
proteolytically degraded within 2 h as is deduced from the
appearance of additional bands at that tme (marked by ar-
rows) in comparison to those present at 0 h. Similarly, the
pattern of RD2 after incubation with organ homogenates
did not change over time, indicating that no proteolytic deg-
radation took place (Fig. 2). Of note, the peptides bind to
different components of the plasma and organ samples
resulting in different patterns and intensities for each peptide.
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Fig.2 Autoradiography of thin layer chromatogram demonstrating proteclytic stability of *H-labelled RD2 in mouse plasma, brain, kidney and liver. *H-RD2 was
incubated at 37°C with mouse plasma for different durations and developed on TLC plates. For comparison, a very similar L-peptide was also incubated with
mouse plasma. Multiple bands in the O h lanes arise from binding and co-migration of the *H-peptides with plasma and tissue components. Therefore, any effect of
degradation will lead to extra additional bands as compared to the O h lane of the very same compound. Obvious proteolytic degradation can be observed for the
3H-L-pep‘[ide already after 2 h of incubation with plasma leading to additionally appearing bands (black arrows) as compared to the O h lane. Additionally appearing
bands as compared to O h incubation are not observed for *H-RD2 even after 24 h of incubation in plasma and tissue homogenates.

However, since the overall composition did not change with
time, it can be concluded that RD2 was not subject to proteo-
Iytic degradation. The L-peptide showed appearance of addi-
tional bands after 2 h incubation, while the pattern of RD2
remained unchanged. Therefore, metabolites were consid-
ered negligible and the measured radioactivity was used to
back calculate the total RD2 concentration.

Pharmacokinetic Properties

Pharmacokinetic analyses were performed using *H-la-
belled RD2 after i.v., i.p., s.c. or oral administration in
mice. Graphs showing the relative injected dose per or-
gan weight over time of the different administration
routes can be found in Fig. 3.

Significant amounts of *H-RD2 were found in the
analysed organs after iv., i.p. or s.c. injection with
highest concentrations present in kidney, followed by liv-
er and plasma (Fig. 3). Oral administration resulted in
very low "H-RD2 levels in liver, kidney and plasma. In-
terestingly, in brain *H-RD2 was found in amounts sim-
ilar to the other administration routes. Exposure to all
analysed organs was quite stable for a couple of days and
declined gradually until 28 days after injection where it
was still detectable in very low amounts.

Additionally, H-RD2 amounts in urine and faeces
were evaluated 24 h post i.p. and i.v. injection, showing
only low doses in facces (0.28+0.05 (i.p.) and 0.35+
0.02%ID/g (i.v.), n=5). The amount of "H-RD2 in urine
was higher, following i.p. administration it reached 2.3+
0.09%ID/ml and 4.3%£0.07%ID/ml upon iv. adminis-
tration (i.p. #=2; Lv. n=4). Furthermore, at 7 and
28 days post injection the presence of "H-RD2 in spleen
and lymph nodes was determined, showing only low con-
centrations at 7 days (0.4 — 0.6£0.11%ID/g) decreasing

with time (0.01 — 0.2£0.02%ID/g, except spleen i.v. 0.6
+0.02%ID/g). Remarkably, upon oral application nearly
no "H-RD2 was found in the spleen at 7 days post in-

jecton (0.04+0.004%ID/g).

Plasma Pharmacokinetic Parameters

A summary of all pharmacokinetic parameters in mouse plas-
ma can be found in Table II, parameters were determined
based on the back-calculated total RD2 concentration from
measured radioactvity.

In contrast to the other administration routes, i.v. injection
was performed with 3.3 mg/kg body weight. Results show low
rate of terminal plasma clearance with Cl/F=1.68 ml/
(kg*min) and a relatively long terminal half-life (t, ;o) of 59 h.
Since the extrapolated part of the area under the curve (AUC)
1s small (£1%) the AUCq_og and AUC;rare very similar with
AUC ;= 1.97 mg/ml*min.

Upon extravascular administration, absorption happened
rapidly, as t,,,. was between 0.5 and 1 h, with oral adminis-
tration showing the slowest absorption. The maximal ob-
served concentration relative to the dose (C,,,../D) was highest
for i.v. administration (3.04 (ug/ml)/(mg/kg)), lower after 1.p.
and s.c. injection (0.79 and 0.98 (ug/ml)/(mg/kg)) and lowest
following oral administration (0.09 (pg/ml)/(mg/kg)). The
drug exposure in plasma, calculated as AUC, ;,p, showed the
highest values after s.c. injection (5.42 mg/ml*min) and simi-
lar values upon i.p. and p.o. administration (4.57 and
4.54 mg/ml*min). The mean residence time (MR'T), howev-
er, appeared to be comparable between all administration
routes. The terminal half-life was about 60 h and independent
of the administration route. The bioavailability (I) was similar
for i.p. and p.o. administration (approx. 76%) and even higher
upon s.c. injection (91%).
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Fig. 3 Time dependent
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Pharmacokinetic Parameters of RD2 in the Brain

Table III shows a summary of parameters calculated for the
brain as this is expected to be the therapeutically relevant
organ. The present study was performed in healthy C57BL/
6 mice. The resulting pharmacokinetic parameters may be

A
W

Time

different in transgenic AD mouse models. Measured *H-
RD2 radioactivity was used to extrapolate the total RD2 con-
centration in brain.

Brain/plasma ratios increased over time for iv., i.p. and
s.c. injection (Fig. 4), whereas for oral administration it
remained relatively stable, all delivery routes almost reaching

Table Il Determined Pharmaco-

kinetic Parameters in Mouse Plasma Parameter Units iV i-p. s.C. p-o.

for Different Administration Routes,

based on Measured *H-RD2 Dose (D) mg/kg 33 10 10 10
(e min 3 30 30 60
CraD (ug/m)mg/kg) 3.04 0.79 098 0.09
AUC, 28 mg/mi*min 1.95 4.54 539 4.5l
AUMC, 25 min®*mg/ml 9908 22,154 26,169 23355
MRTo 28 h 84.8 814 80.9 86.3
A, min~! 0.00020 0.00019 0.00019 0.00020
tip h 59 62 60 58
AUCo.nt mg/mb¥*min 1.97 4.57 5.42 4.54
AUMCy i min“*mg/ml 10,794 23,676 27514 24,748
MRTg.inf h 91.4 86.4 84.6 90.8
Ve Ikg 8.57 8.95 8.77 8.46
CIF mlAmin*kg) 1.68 2.19 |.84 220
Vi lkg 9.20
Fauc 28 % 769 91.4 76.5
% AUC extrapolated % 1.0 0.7 0.5 0.7

For comparison of absolute values, note that i.v. was administered at lower dose than extravascular administration. Clear
fields are not applicable for this respective administration route. For abbreviations please refer to the abbreviation and

methods sections
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Table Il Calculated Pharmacoki-

netic Parameters in Mouse Brains Parameter Units v, ip. s.C. p.o.

for Different Administration Routes,

based on Measured *H-RD2 Dose (D) mg/kg 33 10.0 10.0 10.0
o min 3 30 20 60
CradD (ug/emehe) 0.06 0.06 006 006
A5 mg/gmin 148 3.37 451 449
AUMCq 28 min“*mg/g 11,408 22,656 31,419 27,039
MRTo 8 h 1284 1.9 6.1 1003
A min~! 0.00019 0.00019 0.00012 0.00016
tin h 60 6l 94 73
Biessi % 752 100.6 100.1
Brain/plasma ratio AUCy 25 08 0.7 08 1.0

Clear fields are not applicable for this respective administration route. For abbreviations please refer to the abbreviation

and methods sections

1 at 2 days post administration. Overall, a good penetration of
the brain was reached with AUC-based brain/plasma ratios
reaching 0.8 (iv. and s.c.) and even 1.0 (p.o.). Interestingly,
Cpax/ D in brain was similar for all administraton routes (0.06
(ng/ml)/(mg/kg)). The AUCq_9g was high for s.c. and p.o.
administration (4.5 mg/g*min) but lower following i.p. injec-
tion (3.4 mg/g*min). After 1.v. injection the AUC( o5 was
found to be 1.5 mg/g*min but was performed using a lower
dose of RD2. The terminal half-life of *H-RD2 in brain was
very comparable to that in plasma, i.e. 61 h (i.v. andi.p.), 73 h
(p.o.) and 94 h (s.c.). The bioavailability in the brain was cal-
culated to be 75% for i.p. injection and 100% for s.c. and oral
administration.

Plasma Protein Binding

For estimation of the in viwo free fraction of RD2 in blood (£,
total)> A1 1 vilro assay was used, incubating RD2 with human
serum albumin (HSA) and a;-acid glycoprotein (AGP) (Fig. 5).
For AGP this assay resulted in a Ky, of 2.77 uM£9.97% (1=
99.4%). The fraction unbound to AGP (f,) was estimated

- p.0. * s.C. = ip. o iV

—_

13

=
o

o
bl

o
2

Brain/plasma ratio

© ©
I\ «
) ’LQQ
Time
Fig. 4 Time dependent development of the brain/plasma ratio for different
administration routes, corrected for residual blood in the brain.

using Eq. (1) under assumption of a RD2 blood concentration
of 0.23 uM (Crpo, measured 4 h after p.o. administration).
This predicts a free fraction of 12.3%. For HSA, the K|, was
above the detection limit of the kit (=1.4 mM) indicating a very
low affinity for HSA and leaving AGP as the main binding
partner. Nevertheless, calculation of the RD2 fraction un-
bound to HSA with an assumed Ky of 1.4 mM results in
68.3% free RD2. Taken together, using Eq. (2), the estimated
free fraction of RD2 in plasma was calculated to be approxi-
mately 11.5%.

DISCUSSION

In the present study we have analysed the pharmacokinetic
properties of the D-peptide RD2, an improved derivative of
D3, which has previously heen shown to be therapeutically
active i vive (20,22).

It has previously been shown i viwe for rat plasma and
rhesus monkey CSF that D-peptides are proteolytically more
stable than their L-forms (16,17). Here, we also demonstrated
that RD2 remains intact in mouse plasma and organ homog-
cnates for at least 24 h. Thus, we considered metabolites neg-
ligible and used the measured *H-radioactivity to calculate the
RD2 concentrations in vive. Nevertheless, it needs to be clearly
stated that all obtained pharmacokinetic values are based on
the assumption that the measured radioactivity represents the
non-metabolised RD2. Although we have shown that RD2 is
stable for at least 24 h in plasma and tissue homogenates, we
cannot exclude for later ime points partial conversion of RD2
mnto metabolites that may or may not have reduced therapeu-
tic activities. However, because we did not see any RD2 me-
tabolism at 24 h, there was no reason to expect significant
metabolism at 48 h or even 7 days. Furthermore, incubation
in organ homogenates or plasma beyond 24 h appeared not to
be meaningful because after longer incubation times enzymes
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Fig. 5 Plasma protein binding of RD2. Bound *H-RD2 (in dpm) dependent on AGP (a) and HSA (b) concentration (dots). For binding of RD2 to AGP the fit
according to the Michaelis Menten binding equation (fine) is shown, indicating an almost perfect fit (% =99.4%, a). Binding of RD2 to HSA was below the

detection limit of the applied kit (Kp 2 1.4 mM).

in those biological samples will have digested themselves lead-
ing to artefacts.

In the present study non-compartmental analysis was per-
formed because a simplistic analysis of the data at hand is
possible without making assumptions regarding the number
of compartments as is necessary for other analyses such as
compartmental or physiologically based models. We quanti-
fied RD2 in plasma and brain by measuring the radioactivity
and assumed based on the 24 h stability data in plasma and
organ homogenates that the measured radioactivity parallels
RD?2 concentration. Any minor metabolite would influence a
more complex model, e.g. a minimal physiologically based
model, to produce inaccurate data. However, non-
compartmental analysis assumes linear kinetics and may
therefore not be the optimal model for pharmacokinetic anal-
ysis of RD2. This may result in over- or under-estimation of
certain values. Nevertheless, non-compartmental analysis is
often used to give an indication of the pharmacokinetic prop-
erties of a candidate. Therefore, the more simple non-
compartmental analysis was used to avoid additional over-
interpretation of our data towards the pharmacokinetic prop-
erties of RD2.

Summarised, the pharmacokinetic results yielded a low
terminal plasma clearance (Cl/F=1.68 ml/(min*kg)) of RD2
resulting in long terminal half-lives of about 60 h upon all
assessed administration routes. Since L-peptides are typically
cleared from the blood relatively fast after administration,
often within minutes, this long half-life represents a major
advantage of RD2 since it provides more time to reach the
target tissue and to be therapeutically active (10,29). The plas-
ma bioavailability was exceptionally high following extravas-
cular administration, with 77% upon intraperitoneal and oral
administration and 91% after subcutaneous injection. In com-
parison to other peptide drugs especially the bioavailability
upon oral application is very high (11,30).

It is noteworthy that irrespective of the administration
route similar concentrations of RD2 reached the brain where
it is thought to be therapeutically active. Irrespective of the
administration route an overall brain/plasma ratio of 1 was

@ Springer

reached. This indicates sufficient transport of RD2 into the
target organ.

RD2 levels found in urine at 24 h post injection agree with
the relatively high values obtained at the 24 h time point in the
kidney. In general, values are higher upon i.v. injection than
those obtained following i.p. administration. Hence, even
1 day after dosing the kidney still seems to be a major excre-
tion route, illustrated also by the high RD2 concentrations
observed in the kidney for at least 2 days. Additionally, excre-
tion of RD2 also appears to take place via faeces although
rather low doses of RD2 are measured at 24 h post i.v. or
1.p. administration, indicating that this excretion pathway is
not the dominating one for these administration routes. Fur-
thermore, measurements of RD2 in spleen and inguinal
lymph nodes indicate that after 28 days post administration
only very low amounts of RD2 remain in the lymphatic
system.

Prediction of plasma protein binding based on binding to
HSA and AGP suggested a plasma free fraction of about 12%,
which is also a very favourable property of RD2 as potential
AD drug candidate. It has been reported that only the minor-
ity of the examined drugs developed for the central nervous
system exhibit free plasma fractions above 10% (31).

Here, we compare RD2 distribution after different admin-
istration routes as well as the predicted plasma protein bind-
ing. In this pharmacokinetic study we were able to demon-
strate high stability, long plasma half-life of several days and
favourable oral and subcutaneous bioavailability of this all D-
enantiomeric peptide in mice.

CONCLUSION

Taken together, the current study demonstrates favourable
pharmacokinetic properties of the D-enantiomeric peptide
RD2. Based on the long terminal half-life, high oral bioavail-
ability and drug exposure to the brain it can be concluded,
that D-peptides in general may be very well suited as drug
candidates. Particularly, providing therapeutic efficiency
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in vivo, RD2 may be a very promising candidate for the treat-
ment of Alzheimer’s discase.
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Abstract

Peptides are considered as promising substances for development of drug candidates.
However, they frequently exhibit severe disadvantages such as instability and
unfavourable pharmacokinetic properties. Many peptides are rapidly cleared from the
organism and oral bioavailabilities as well as in vivo half-lives often remain low.
Peptides consisting solely of d-enantiomeric amino acid residues combine promising
therapeutic properties with high proteolytic stability and enhanced pharmacokinetic
parameters. Recently, we have shown that D3 and RD2 have highly advantageous
pharmacokinetic properties. Especially D3 has already proven promising properties
suitable for treatment of Alzheimer’s disease. Here, we analyse the pharmacokinetic
profiles of D3D3 and RD2D3, which are head-to-tail tandem D-peptides built of D3 and
its derivative RD2. Both D3D3 and RD2D3 show proteolytic stability in mouse plasma
and organ homogenates for at least 24 h and liver microsomes for 4 h.
Notwithstanding their high affinity to plasma proteins, both peptides are taken up into
the brain following i.v. as well as i.p. administration. Although both peptides contain
identical d-amino acid residues, they are arranged in a different sequence order and
the peptides show differences in pharmacokinetic properties. After i.p. administration
RD2D3 exhibits lower plasma clearance and higher bioavailability than D3D3. We
therefore concluded that the amino acid sequence of RD2 leads to more favourable
pharmacokinetic properties within the tandem peptide, which underlines the
importance of particular sequence motifs, even in short peptides, for the design of

further therapeutic b-peptides.
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Introduction

Despite remarkable efforts to develop curative and disease modifying treatments
against Alzheimer’s disease (AD), thus far only symptomatic treatment is available
(Nygaard 2013). Amongst other substance classes, peptides are being investigated as
promising drug candidates (Sun et al. 2012). Currently, however, most peptides have
shown severe disadvantages due to their immunogenicity and instability as well as
unfavourable pharmacokinetic properties such as rapid clearance, low oral

bioavailability and short in vivo half-lives (Pauletti et al. 1997; Sato et al. 2006).

To overcome those disadvantages, D-enantiomeric peptides are being developed. They
combine high protease resistance due to stereoisomeric selectivity of mammalian
proteolytic enzymes with low, if any, immunogenicity, leading to slower system
elimination and thereby providing more time for therapeutic activity (Dintzis et al.

1993; van Regenmortel & Muller 1998).

Using mirror image phage display against B-amyloid (AB) monomers as target
(Schumacher et al. 1996; Wiesehan & Willbold 2003), we have previously identified the
D-peptide D3 which has been shown to improve pathology and cognition in transgenic
AD mice (van Groen et al. 2008; Funke et al. 2010; van Groen et al. 2012; van Groen et
al. 2013). Additionally, a number of derivatives have also been designed. Among those,
RD2 has shown enhanced properties in vitro and in silico, while containing the same
D-amino acid residues in a rationally reordered sequence (Olubiyi et al. 2014). Studies
assessing pharmacokinetic properties of both D3 (Jiang et al. 2015) and RD2 (Leithold
et al. 2015) have demonstrated auspicious characteristics such as long half-lives and

high oral bioavailability.
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Here, we determined the pharmacokinetic properties of D3D3 and RD2D3, which can
be thought of as head-to-tail tandem homo- and heteropeptides made of D3 and RD2.
The rationale behind the design of the tandem peptides is that multivalent D-peptides
can be expected to target their multivalent target molecules, here AB oligomers, with
increased efficiency. Recently, this was shown to be true for D3D3 in vitro and in vivo

(Brener et al. 2015).

Methods

Peptides

D3D3 (H-rprtrihthrnrrprtrihthrnr-NH,, 3.2 kDa) and RD2D3 (H-ptlhthnrrrrrrprtrlhthrnr-
NH,, 3.2 kDa) were purchased from peptides&elephants GmbH (Potsdam, Germany).
All peptides consist solely of b-enantiomeric amino acids. The Lewis structures of both

peptides can be found in fig. 1.

The tritium-labelled peptides ’H-D3D3 (H-rprtrlhthrnrrprtrihthrnr-NH,, 110 Ci/mmol)
and *H-RD2D3 (H-ptlhthnrrreerprtrihthrnr-NH,, 73 Ci/mmol) were purchased from
Quotient Bioresearch (Radiochemicals) Ltd. (Cardiff, United Kingdom) to contain
1 mCi/ml respectively 37 MBg/ml and were supplied as solution in water and ethanol
(1:1). The radioactively labelled L-enantiomer of D3 (H-RPRTRLHTHRNR-NH,,
103 Ci/mmol, Quotient Bioresearch), was used as control peptide for stability

assessment.
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Proteolytic stability

Proteolytic stability of ’H-D3D3 and *H-RD2D3 in mouse organ homogenates was
assessed as described previously (Leithold et al. 2015). Additionally, 2 pl of a >H-L-

peptide were incubated with 1 pul mouse plasma as control.

Furthermore, proteolytic stability of all peptides against degradation by microsomes
was analysed using liver microsomes (pooled from CD-1 mice, 10 mg/ml, Sigma-
Aldrich). 6 pl *H-peptide were added to 4 pl pre-warmed microsome solution and
incubated at 37°C. After different incubation times the reaction was stopped by
addition of 6 pl mobile solvent (2-butanol/pyridine/ammonia (28 %)/water,
39/34/10/26 ml respectively) and samples were stored at -20°C until further use. For
detection, thin layer chromatography and autoradiography were performed as

described before (Leithold et al. 2015).

Pharmacokinetic studies

Pharmacokinetic analysis of the 3H-peptides was assessed as previously described,
with the exceptions explained below (Leithold et al. 2015). For pharmacokinetic
analysis different doses and time points of organ harvesting were chosen per route of
administration: i.v. injection 3.3 mg/kg, 3 min, 5 min, 10 min, 15 min, 30 min, 1 h, 4 h,
18 h, 1d, 2 d; i.p. administration 10 mg/kg, 10 min, 20 min, 30 min, 1 h,2h,4h,6h, 1
d, 2 d. For each time point three mice were administered with the respective dose. The
terminal elimination rate constant (Az) was obtained by logarithmic extrapolation of
the last five to six observed concentrations based on the highest correlation coefficient

obtained (r2 = 0.99 for all calculations).
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Plasma protein binding

The plasma protein binding assay was performed twice per peptide as described

previously (Leithold et al. 2015).

Animals

C57BL/6 mice were used for plasma extraction and pharmacokinetic studies. All animal
experiments were carried out in conformance with the German Protection of Animals
Act (TierSchG §§ 7-9) and with permit from an Animal Protection Committee (AZ84-

02.04.2011.A356).

Results

Proteolytic stability

It was shown previously that both D3 and RD2 are proteolytically stable in organ
homogenates and plasma (Jiang et al. 2015; Leithold et al. 2015). To confirm the
proteolytic stability for both tandem peptides, H-D3D3 and *H-RD2D3 were incubated
with mouse plasma (fig. 2) and organ homogenates (fig. 3) for up to 24 h and analysed
by thin layer chromatography (TLC). It is noteworthy that under TLC conditions the
peptides bound differently to plasma and organ constituents, thereby exhibiting
different patterns and intensities on the TLC plate as detected by autoradiography.
Results show that overall composition of both D3D3 and RD2D3 did not change over
time, but remained stable for at least 24 h. In contrast, the L-peptide used for control
was proteolytically degraded within 2 h as visible by the time dependent appearance

of additional bands (fig. 2).

51



Manuscripts

Moreover, neither D-peptide was degraded after 4 h incubation with liver microsomes,
in contrast to the L-peptide (fig. 2). Confirmation of proteolytic stability of D3D3 and
RD2D3 was important to ensure that measured radioactivity in the pharmacokinetic

studies correlated with *H-D3D3 and >H-RD2D3 total concentrations.

Pharmacokinetic properties

To assess pharmacokinetic parameters >H-labelled D3D3 and RD2D3 were used for i.p.
and i.v. administration in mice. Following the radioactive label, both peptides were
successfully quantitated in all analysed organs and upon all administration routes. Fig.
4 shows the relative injected dose per millilitre plasma or gram brain, liver and kidney

over the time course of two days as well as the brain/plasma ratio.

Remarkably, for RD2D3 intraperitoneal rather than intravenous administration
resulted in higher values in all organs, whereas this was the opposite for D3D3 where
i.v. resulted in higher amounts present in all assessed organs. Higher concentration of
D3D3 and RD2D3 in the liver as compared to the kidney suggests the liver as the major
pathway for excretion for both peptides. It is noteworthy that after 2 days post
administration both peptides were still present in all organs and especially high in liver
and kidney. RD2D3 reached higher levels than D3D3 in the brain as well as in liver and

kidney (fig. 4), which is most prominent following i.p. administration.

Plasma pharmacokinetic parameters

Plasma pharmacokinetic parameters were calculated based on back calculated peptide
concentrations from measured radioactivity in plasma and are summarised in table 1.
The maximally observed concentration relative to the Dose (Cmay/D) was similar for i.v.

injection (D3D3 0.54 and RD2D3 0.58 (ug/ml)/(mg/kg)) but differed upon i.p.
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administration between 0.16 (ug/ml)/(mg/kg) for D3D3 and 0.47 (ug/ml)/(mg/kg) for
RD2D3. For both D-peptides the areas under the curve AUCq s and AUCqns do not
differ much, which is due to the very low extrapolated part of the AUCqn (<3 %).
RD2D3 showed higher plasma AUCgqi,s for both administration routes (i.v.
0.32 mg/ml*min and i.p. 1.87 mg/ml*min) as compared to D3D3 (i.v. 0.18 mg/ml*min
and i.p. 0.62 mg/ml*min). The mean retention time (MRTq.,s) was around 11 and 12 h
and similar for all administration routes and both peptides. The rate of i.v. terminal
plasma clearance was higher for D3D3 with CI/F = 17.9 ml/(min*kg) than for RD2D3
with CI/F = 10.2 ml/(min*kg). Additionally, upon i.p. administration the clearance was
found to be lower than after i.v. administration for both peptides. This results in longer
half-lives (t;/;) for RD2D3 (i.v. 0.8 h and i.p. 2.3 h) compared to D3D3 (i.v. 0.7 h and i.p.
1.5 h). Furthermore, the bioavailability (F) upon i.p. administration of RD2D3 was very

high with about 190 %, while D3D3 reached 110 %.

Brain pharmacokinetic parameters

Since the brain is thought to be the therapeutically relevant target organ,
pharmacokinetic parameters were also calculated for the brain (table 2). Both peptides
showed an increasing brain/plasma ratio over time, reaching 1 after about 6 to 12
hours (fig. 5), which resulted in an overall brain/plasma ratio based on the AUCg,ss Of
0.6 (i.v.) and 0.3 (i.p.) for D3D3 and 0.6 (i.v.) and 0.5 (i.p.) for RD2D3. The time-
dependent The brain exposure (AUCqp.st) was higher for RD2D3 than for D3D3,
especially upon i.p. administration (RD2D3 i.v. 0.19 and i.p. 0.88 mg/g*min and D3D3
i.v. 0.12 and ip. 0.20 mg/g*min). The Cma/D was 0.02 (ug/g)/(mg/kg) for i.v.
administration. l.p. injection lead to a Cya/D of 0.01 for D3D3 and was higher for

RD2D3 with 0.11 (pg/g)/(mg/kg). The MRT was calculated to be about one day for both
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peptides and administration routes. Furthermore, the bioavailability of the i.p.

administration was low for D3D3 with 55 % and very high for RD2D3 with 157 %.

Table 1: Pharmacokinetic parameters determined from mouse plasma for i.v. and i.p.
administration. Clear fields are not applicable for the respective administration route. For

abbreviations please refer to the abbreviations section.

D3D3 RD2D3
Parameter Units : ' : _

i.v. i.p. V. i.p.
Dose (D) mg/kg 3.3 10 33 10
tmax min 3 60 3 60
Cmax/D (ug/ml)/(mg/kg) | 0.54 0.16 0.58 0.47
AUCq st mg/ml*min 0.18 0.61 0.32 1.82
AUMC_jast minz*mg/ml 131 424 229 1091
MRTo-ast h 11.9 11.6 11.9 10.0
A, min™ 0.0155 | 0.0075 | 0.0137 | 0.0050
tin h 0.7 15 0.8 23
AUCq.inf mg/ml*min 0.18 0.62 0.32 1.87
AUMCq.int min®*mg/ml 137 461 240 1225
MRTo.inf h 12.3 12.3 12.3 10.9
V, I/kg 1.15 2.37 0.74 1.99
CI/F ml/(min*kg) 17.9 16.1 10.2 5.4
Ve I/kg 13.2 7.5
Fauc-ast % 110 187
% AUC extrapolated % 11 1.9 1.2 2.3
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Table 2: Brain pharmacokinetic parameters determined for i.v. and i.p. administration. Clear
fields are not applicable for the respective administration route. For abbreviations please refer

to the abbreviations section.

D3D3 RD2D3
Parameter Units

i.v i.p i.v i.p
Dose (D) mg/kg 3.3 10 3.3 10
Tnax min 3 2880 30 10
Crnax/D (ug/g)/(mg/kg) | 0.02 0.01 0.02 0.11
AUCq a5t mg/g*min 0.12 0.20 0.19 0.88
AUMCo.iast min®*mg/g 189 315 269 1264
MRTo.1ast h 26.8 26.5 24.2 23.8
Fauc-ast % 55 157
Brain/plasma ratio

0.6 0.3 0.6 0.5
AUCO—Iast

Plasma protein binding

In vivo plasma protein binding was estimated by in vitro incubation of 3H-labelled D3D3
and RD2D3 with human serum albumin (HSA) and as-acid glycoprotein (AGP) (fig. 6).
For AGP the binding curves of both peptides reached saturation even at the lowest
AGP concentration. This indicates strong binding affinities to AGP. Results yielded for
RD2D3 a Kp of 0.04 uM + 18 % and for D3D3 a Kp of 0.03 uM + 18 %. Binding to HSA did
not reach saturation and could therefore not be determined reliably, with Kp values
being in the hundreds micromolar range. It could be deduced that both peptides
showed much higher affinity to AGP than to HSA and plasma protein binding therefore
is mainly determined by AGP binding. The expected free fraction in plasma was

calculated disregarding HSA binding and under the assumption of peptide
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concentrations in plasma of Cgpypz =0.027 uM and Cpzpsz = 0.013 uM (concentrations
24 h after administration). Results showed a fraction unbound (f,) for RD2D3 of 0.20 %

and for D3D3 of 0.16 %.

Discussion

Here, we have assessed the pharmacokinetic properties of two D-peptides which are
head-to-tail tandem derivatives of the previously described peptides D3 and its
derivative RD2. D3 has been selected by mirror image phage display for binding against
AB(1-42) and both D3 and RD2 have demonstrated therapeutic potential in vitro and in
vivo (van Groen et al. 2008; Bartnik et al. 2010; Funke et al. 2010; Olubiyi et al. 2014).
Furthermore, D3 and RD2 exhibited excellent pharmacokinetic properties as has been
shown previously (Jiang et al. 2015; Leithold et al. 2015). In a next step, tandem
peptides were created in order to enhance the affinity to AR (Brener et al. 2015).
Thereafter, pharmacokinetic assessment was performed to determine their ability to

reach the target organ brain.

For both D3 and RD2 it could previously be shown that they remain stable in mouse
organ homogenates and plasma (Jiang et al. 2015; Leithold et al. 2015). Here, we
demonstrated that the homo- and heteropeptides D3D3 and RD2D3 are likewise
proteolytically stable for at least 24 h in mouse plasma, organ homogenates and liver
microsomes. We used the measured *H-radioactivity of the administered peptides in
the pharmacokinetic study to calculate the peptide concentrations. This assumes that
the non-metabolised peptides are represented by the measured radioactivity which is
then used to obtain the pharmacokinetic parameters. Although we have shown that

the peptides are stable in mouse plasma for 24 h we cannot exclude partial
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metabolism at later time points which might or might not influence their therapeutic
effectivity. Incubation in plasma and organ homogenates beyond 24 h and microsomes
beyond 4 h appeared not to be meaningful since enzyme activities in biological
samples cannot be expected to last for long incubation times at 37 °C. Furthermore,
due to the complete lack of metabolism of RD2D3 and D3D3 after 24 h incubation with
organ homogenates as well as after incubation with microsomes there was no reason
to expect significant metabolism at 48 h. Nevertheless, for pharmacokinetic
assessment we performed a non-compartmental analysis since this is a simplistic
analysis without the need for assumptions regarding the number of compartments.
Any minor metabolite would influence more complex pharmacokinetic models and
would lead to inaccurate data. The authors are aware that non-compartmental
analysis may not be the optimal model for the pharmacokinetic analysis. It assumes
linear kinetics and may therefore result in over- or under-estimation of certain
parameters. However, it is often used as an initial indication of the pharmacokinetic
properties of a substance and avoids additional over-interpretation of the data at

hand.

To summarise, the pharmacokinetic analysis showed that RD2D3 has a lower clearance
than D3D3, resulting in higher drug exposure in plasma and brain as well as a high
bioavailability after i.p. administration. Both peptides have higher AUC values upon i.p.
administration compared to i.v. administration. However, both D3D3 and RD2D3 have
relatively high elimination rate constants and therefore short half-lives of only few
hours that are in the same range as other peptides assessed as potential drugs (Pollaro
& Heinis 2010). Furthermore, D3D3 and RD2D3 have a low predicted free fraction in

plasma and may therefore only be available for therapeutic action in the target organ
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in small amounts. However, it was shown that high plasma protein binding does not

necessarily impede drug efficacy (Smith et al. 2010; Liu et al. 2014).

The i.p. plasma drug exposure especially of RD2D3 is considerably higher than upon i.v.
administration. This could possibly be explained by the higher rate of clearance
observed for i.v. administration. Entero-hepatic recirculation or renal reabsorption can
lead to a prolonged presence of the peptide in the organism (Bendayan 1996; Roberts
et al. 2002). This is underlined by the results showing no apparent decrease of the
peptide concentration in liver and kidney after 2 days (fig. 4). For RD2D3 the
concentration in both organs is higher than for D3D3, indicating that this effect is more
pronounced for RD2D3, explaining the much higher bioavailability of RD2D3 than

D3D3.

It was shown that D3 itself has a half-life in plasma of 32 h for i.v. and more than 40 h
upon i.p. or oral administration (Jiang et al. 2015). Remarkably, RD2 showed a plasma
half-life of about 60 h for all assessed administration routes (Leithold et al. 2015). In
contrast, both tandem peptides have remarkably short half-lives of only few hours.
This is also reflected in the clearance, with D3D3 exhibiting the highest rate, followed
by RD2D3, D3 and RD2 having the slowest clearance. Interestingly, the MRT in both
plasma and brain was higher for the tandem peptides than for D3 for both i.p. and i.v.
administration, while RD2 had much higher MRT values for all administration routes.
RD2 also showed the highest brain/plasma ratio when calculated using the AUCq . of
all peptides. Since also the drug exposure in plasma, as calculated by plasma AUCq.is, is
highest in RD2 and D3, it is concluded that the larger size of the tandem peptides

results in less favourable pharmacokinetic parameters. Furthermore, resorption from
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the peritoneum into the blood seems to be least effective for the tandem peptides.
Plasma levels of D3D3 are very low, higher for RD2D3 followed by D3, while RD2 is
resorbed very efficiently. Similarly, peptide levels in the brain are highest for RD2,
followed by D3 and the tandem peptides with RD2D3 exhibiting higher levels than
D3D3. Considering the brain/plasma ratios which do not differ much, the low brain
levels of the tandem peptides may result primarily from their insufficient resorption

rather than from an inferior ability to enter the brain.

Conclusions

Taken together, the tandem peptides exhibit less favourable pharmacokinetic
properties than the single peptides. Resorption of D3D3 and RD2D3 is less effective,
resulting in lower brain concentrations as compared to the single peptides D3 and RD2.
This disadvantage of the tandem peptides could possibly be outweighed by higher
efficiency of the tandem compounds as was indicated by recent data for D3D3 (Brener
et al. 2015). Furthermore, it is concluded that the sequence order of the b-
enantiomeric amino acid residues has a considerable impact on pharmacokinetic
properties of the peptide. Peptides harbouring the amino acid residue sequence of
RD2 were found to exhibit enhanced pharmacokinetic properties than those
harbouring the D3 sequence. This can be seen both in RD2 alone when compared to

D3 and similarly within RD2D3 in comparison to D3D3.
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Fig. 1. Lewis structure and single letter amino acid code of D3D3 (top) and RD2D3

(bottom). Both peptides are b-enantiomeric peptides (3.2 kDa).
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Fig. 2. Autoradiography of thin layer chromatogram, showing proteolytic stability of

H-D3D3 and *H-RD2D3 in mouse plasma and liver microsomes in comparison to an L-

peptide control. The peptides were incubated with plasma or microsomes at 37 °C for

the given amount of time and applied to thin layer chromatography plates. Proteolytic

degradation is apparent from time dependent appearance of additional bands, as was

obvious for the L-peptide control (arrows). In contrast, D3D3 and RD2D3 remained

stable for 4 h in liver microsomes and plasma for up to 24 h of incubation.
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Fig. 3. Autoradiography of thin layer chromatogram, showing proteolytic stability of

H-D3D3 and *H-RD2D3 in mouse organ homogenates. The peptides were incubated

with brain, liver and kidney homogenates at 37 °C for the given amount of time and

applied to thin layer chromatography plates. No proteolytic degradation is apparent

for both peptides for up to 24 h of incubation.
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Fig. 4. Time-dependent distribution of *H-D3D3 and *H-RD2D3 in mouse plasma, brain,
liver and kidney after i.v. and i.p. administration. Radioactively labelled D3D3 or RD2D3
was administered together with non-labelled peptide at total concentrations of
10 mg/kg (i.p.) or 3.3 mg/kg (i.v.). The concentration of D3D3 and RD2D3 is shown as
percent of the injected dose per millilitre plasma (%ID/ml) or gram organ (%ID/g).

Graphs show the means of three mice per time point.
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corrected for residual blood in the brain.
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Fig. 6. Plasma protein binding of *H-D3D3 and °*H-RD2D3. Graphs display the
determined amount of D-peptide bound (in dpm) to a;-acid glycoprotein (AGP) or
human serum albumin (HSA) at different concentrations. Binding affinity to AGP was
roughly estimated based on the Michaelis Menten binding equation (dotted lines).
Dissociation constants for binding to HSA could be estimated to be in the hundreds uM

range as the saturation was not reached even above 100 uM.
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4 Summary and conclusion

Alzheimer’s disease is predicted to affect an increasing number of people and thereby
causes suffering of patients and their families as well as a considerable financial
burden for societies (Alzheimer's Disease International 2010). However, causal
treatment has yet to be developed and to date therapeutic intervention remains
symptomatic (Alzheimer's Association 2014). Current research investigates various
substances among different categories for potential therapeutic effect, amongst them
the promising category of peptide drugs (Funke & Willbold 2012).

To improve their proteolytic stability and thereby the half-life, peptides can be built
from D-enantiomeric amino acids. This modification lends them positive properties
such as higher proteolytic stability resulting in longer half-lives and in some cases
D-peptides showed lower immunogenicity (Dintzis et al. 1993; van Regenmortel &
Muller 1998). Examples for D-peptides created as therapeutic intervention for
Alzheimer’s disease are D3, its derivative RD2 and their head-to-tail tandem forms
D3D3 and RD2D3.

In the presented study pharmacokinetic properties of these four peptides were
analysed and compared. Pharmacokinetics provide a tool for lead compound
prioritisation for further progress to (pre-)clinical studies and can give insight into
issues that may arise. Possible problems can arise during all steps of the ADME process
and can include poor resorption, extensive metabolism or protein binding as well as
insufficient penetration of the target tissue (Jang et al. 2001). Desirable are properties
such as a relatively long half-live, in order to ensure sufficient time for therapeutic
activity to take place. This, however, is often a problem for peptides, which are rapidly
cleared from the organism (Pollaro & Heinis 2010). Furthermore, the drug should be
available for therapeutic activity at sufficient concentrations, as represented by a high
bioavailability (Feucht & Patel 2011). In case of drugs indicated for the central nervous
system, brain penetration is thought to be of importance, too, but remains a delicate
measurement as it does not necessarily have an impact on therapeutic activity (Reichel
2009). Especially oral administration is of interest for further therapeutic development.
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4.1 Stability and plasma protein binding

Results showed that all D-peptides remained stable in mouse plasma and organ
homogenates for at least 24 hours, while the control L-peptide was proteolytically
degraded after short incubation times. For D3 and the tandem peptides, stability could
also be shown in a preparation of microsomes from mouse liver. Interestingly, all
peptides exhibited different thin layer chromatography patterns after incubation,
showing binding of different plasma constituents.

Comparison of the predicted plasma protein binding of all four peptides showed that
they all preferably bound to AGP than HSA, while exhibiting different affinities. The
tandem peptides both showed high affinity binding to AGP, resulting in free fractions
of peptide that are below 0.2 % which is considered very low (Liu et al. 2014). In
contrast, the single peptides bound less strongly to AGP, resulting in approximately 8 %
D3 and 11.5 % RD2 remaining unbound in plasma. It was shown that plasma protein
binding does not necessarily have an influence on drug efficacy (Smith et al. 2010; Liu
et al. 2014). However, higher amounts of free peptide could positively influence the
uptake of peptide into the brain through the blood brain barrier, especially if the
peptides are taken up by passive diffusion. The exact mechanism of uptake of the
D-peptides into the brain remains to be clarified, but in vitro experiments indicated
transcytosis as possible mechanism (Liu et al. 2010).
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4.2 Intravenous and intraperitoneal administration — D3, RD2, D3D3 and
RD2D3

Pharmacokinetic parameters of all four peptides were analysed after intraperitoneal
and intravenous administration. It was observed, that in general i.p. injection lead to
longer half-lives in plasma than i.v. administration. RD2 showed the by far longest half-
life with over 60 hours. Furthermore, the clearance rate of RD2 was less than half of
that of D3, while the tandem peptides exhibited high clearance rates. Consequently,
the plasma AUCq ., representing the exposure to the peptide, was much higher for
RD2 than D3, followed by RD2D3 and even lower for D3D3.

Upon both routes of administration, all four peptides were shown to enter the brain
(figure 6). D3D3 achieved the lowest brain exposure (AUCq.1.st) and, remarkably, RD2D3
and D3 did not differ by much. The exposure of RD2D3 was a bit lower than D3 fori.v.
administration but clearly higher after i.p. administration. Since RD2 was assessed for
up to 28 days, the total exposure was not directly comparable to the other peptides
and with about five times more much higher. However, the RD2 level reached in the
brain was also about twice as high as for D3. Remarkably, the retention of D3 in the
brain was the lowest of all peptides, whereas that of RD2 was considerably high.

Comparison of the brain/plasma ratio of all peptides (calculation from the AUCq..s: as
done for the other peptides showed that D3 had a ratio of 0.4 after both i.v. and i.p.
administration) as an indicator for brain penetration, showed interestingly that after
i.v. administration the brain/plasma ratio was lowest for D3, while after i.p. injection
D3D3 showed the lowest ratio followed by D3. For both administration routes, RD2
had the highest brain/plasma ratio. In contrast, when regarding the time-dependent
presentation of the brain/plasma ratio, all peptides reached quite similar values after
48 hours (figure 6).

Taken together, this indicated that the resorption of the tandem peptides was
generally lower than that of the single peptides. Furthermore, uptake of D3 and D3D3
into the brain appeared to be lower, although they reached comparable levels after
24 hours. Therefore, it can be concluded that the amino acid sequence of RD2 seemed
to hold advantages over D3, which also manifested in improved properties of the
tandem peptide RD2D3 over D3D3.

The single peptides were primarily found in the kidney rather than the liver and it was
shown that levels decreased within a reasonable amount of time. This suggests that
the kidney formed the main excretion route for the single peptides. Interestingly, the
tandem peptides showed high levels in the liver that remain high even 48 hours after
administration. This might be due to their strong binding to the plasma proteins which
might prevent excretion by renal filtration and together with their larger size might
lead to excretion via the liver (Caldwell et al. 1995).
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Figure 6: Comparison of all four peptides after i.v. and i.p. administration. Radioactively
labelled peptide was administered to mice and organs were harvested at different time points
afterwards. Time dependent peptide concentrations in plasma and brain are shown as well as
the brain/plasma ratio. Concentrations are expressed as relative injected dose per gram organ

(%1D/g) or millilitre plasma (%ID/ml) and presented as mean of three mice per time point.
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4.3 Oral and subcutaneous administration — D3 and RD2

For both RD2 and D3 pharmacokinetic properties were also determined for oral
administration, additionally, RD2 was also assessed upon subcutaneous
administration. Results for oral administration showed that D3 had a half-life which
was more than 7 hours longer than that of RD2. However, the exposure in the plasma
(AUCo.inf) was three times higher for RD2 than for D3. Similarly, the exposure of RD2
(AUCq.jast) in the brain was more than 4 times higher than that of D3.

Both peptides entered the brain sufficiently after oral administration as shown by the
high brain/plasma ratios of 0.85 for D3 and 1.0 for RD2 which suggest efficient
penetration of the brain (Reichel 2006). It is noteworthy that upon oral administration
both peptides reached levels in the brain (figure 7) which were as high as (%ID/g) or
even higher (AUCq ast) than upon i.v. and i.p. administration, despite lacking the initial
concentration peak observed in the other administration routes. This indicated the
presence of an efficient transport mechanism into the brain, which was underlined by
the much more rapid increase of the brain/plasma ratio seen after oral administration
(figure 7). Furthermore, RD2 showed a much higher oral availability as could be seen in
the higher bioavailability as well as plasma and brain levels. This advantage is of special
interest as low oral bioavailability often is a problem of peptide drugs (Renukuntla et
al. 2013).

Interestingly, RD2 also showed very promising results upon subcutaneous
administration (figure 7). The plasma half-life was comparable to that determined after
i.v. and i.p. administration and the exposure (AUCgi,) was the highest observed.
Similarly, the bioavailability was higher than that of RD2 administered intraperitoneally
or orally. The exposure in the brain (AUCy.st) was comparable to that of oral
administration, while the half-life of RD2 in the brain was another 30 hours longer than
fori.v. ori.p. administration.

These results showed that oral and subcutaneous administration of both D-peptides
were very promising approaches for their development as therapeutics. Oral
administration is the most convenient and thus most commonly used administration
route, but alternatives that provide easy administration and prolonged treatment are
being assessed for practicality (Di Stefano et al. 2011). Since adjustment of formulation
often is needed to optimise the chosen administration route, it is very beneficial that
both D-peptides already showed promising properties without any special formulation
applied.
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4.4 General conclusion

In comparison with other therapeutically active peptides and drugs indicated for AD,
the presented D-peptides showed suitable pharmacokinetic parameters. Particularly
the half-life of the single peptides was high - without having undergone formulation or
conjugation processes. It was much higher than that observed for other peptide drugs
(Pollaro & Heinis 2010) and comparable to that of memantine or donepezil, two
approved dementia therapeutics (Blennow et al. 2006; Noetzli & Eap 2013).
Furthermore, especially RD2 provided high oral bioavailability, similar to that seen in
most anti-dementia drugs (Noetzli & Eap 2013).

The tandem peptides exhibited pharmacokinetic properties which were less favourable
than that of both single peptides. Since they are conjugates of D3 and/or RD2, they
consist of identical amino acids. Therefore, the larger size and possibly a different
structure of the tandem peptides seemed to influence the pharmacokinetic properties,
giving them characteristics which are possibly disadvantageous for their intended use
as AD therapeutics.

However, the crucial evaluation parameter remains the in vivo efficacy of the peptides.
If a tandem peptide was shown to have a considerably higher therapeutic activity this
could possibly counterbalance the disadvantageous pharmacokinetic properties as was
indicated recently for D3D3 (Brener et al. 2015).

In vivo efficacy of D3 was already shown in transgenic AD mice, it was able to enhance
cognition and reduce both plaque load and plaque-related inflammation in a number
of studies (see 1.2.1). Preliminary research with RD2 shows that it is also
therapeutically active, but profound studies examining its in vivo efficacy have not
been published so far.

In contrast to D3, RD2 exhibited promising improvements in a number of
pharmacokinetic parameters. Furthermore, it was shown to have higher affinity to AB
oligomers (Olubiyi et al. 2014), which are currently thought to be the most toxic AB
species. Taken together, provided that RD2 shows similar or enhanced therapeutic
efficacy in vivo, RD2 is a very promising drug candidate for clinical research into its
suitability as AD therapeutic.
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