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Il. Abbreviations

ACAT Advanced compartmental absorption and transit
ADMET Absorption, Distribution, Metabolism, Elimination and Toxicology
AP ADMET Predictor software

ANOVA Analysis of Variance

API Active Pharmaceutical Ingredient

ASD Amorphous Solid Dispersions

AU Arbitrary Unit

AUC Area Under the Plasma Concentration Curve

BA Bioavailability

BCRP Breast Cancer Resistance Protein

BCS The Biopharmaceutics Classification System

BID Bis in die; two administrations per day

Crmax Maximum Observed Plasma Concentration

CorA Corallopyronin A

CorA’ Corallopyronin A’

CorC Corallopyronin C

CYp Cytochrome P450

DSC Differential Scanning Calorimetry

Eq. Equation

FaSSIF Fasted State Simulating Intestinal Fluid

FeSSIF Fed State Simulating Intestinal Fluid

GIT Gastrointestinal tract

GLP Good Laboratory Practice

HPLC High-performance Liquid Chromatography
HPMC Hydroxypropylmethyl cellulose

HPMC-AS Hydroxypropylmethyl cellulose acetate succinate
HzI Helmholtz Centre for Infection Research

IC50 Half maximal inhibitory concentration
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IVIVR
MIC
MRI
MTD
NTD
PAMPA
PBBM
PBPK
PBS

PD

Peff

PVP
PVPVA
RGM
RIM
SD
SEEDS
SEM
SLN

ti2

tmax

uspP
WHO

Intravenous

in vitro in vivo Relationship

Minimal Inhibitory Concentration

Magnetic resonance imaging

Maximum Tolerated Dose

Neglected Tropical Diseases

Parallel Artificial Membrane Permeability Assay
Physiologically based Biopharmaceutic Model
Physiologically based pharmacokinetic
Phosphate Buffered Saline
Pharmacodynamic

Human effective jejunal permeability
Prediction errors

Polyethylene glycol

P-glycoprotein

Pharmacokinetic

Per os

Polyvinylpyrrolidone
Polyvinylpyrrolidone-co-vinylacetate

Rat gastric medium

Rat intestinal medium

Standard Deviation

Self-emulsifying drug delivery system
Scanning electron micrographs

Solid Lipid Nanoparticles

Half-life

Glass Transition Temperature

Time of Maximum Observed Plasma Concentration
United States Pharmacopeia

World Health Organization
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General Introduction

1. General Introduction

1.1 Need for Novel Anti-infectives

The history of infectious diseases is as long as the human history itself [1]. Indeed,
infectious diseases are still an immense burden, which has come into focus with novel
threats such as the COVID-19 pandemic in 2019 [2,3]. With the help of global efforts and
the provision of public funding the research in this field has been enormously advanced.
Despite raising attention to infectious diseases, further challenges have continued to
intensify. The massive use of antibiotics, e.g. as a COVID-19 (co-)treatment, forces the
ongoing emergence of antimicrobial resistance [4]. According to the World Health
Organization (WHO), drug resistance could prospectively cause 10 million deaths each
year by 2050. Apart from the expected mortality rate, antimicrobial resistance could push
up to 24 million people into extreme poverty by 2030, if no action is taken [5]. To
overcome drug resistance it is essential to find new compound classes or compounds with

new modes of action [6,7].

Although attention to infection diseases has increased, there is a lack of global interest in
some areas. Neglected tropical diseases (NTD) play a rather minor role in Europe and
North America. As an unfortunate consequence, investments in combating NTDs are
disproportionate compared to the amount of people affected because there are limited
financial incentives for industrial companies [8]. The cost-intensive research and
development process of a novel active pharmaceutical ingredient (API) contrasts with the
low revenue potential of an anti-infective [9,10]. Accordingly, the drug pipelines of
pharmaceutical companies are underrepresented in anti-infectives, particularly for NTDs.
Currently, the most promising NTD related drug candidates are funded by public and
private sponsors and driven forward in collaboration of universities and research centers

providing essential basic research and development [11].

1.2 Preclinical Drug Development

To date, the need for novel treatment options in almost all disease area continues
unabated. Reasons for this include the high risk for termination due to potentially
insufficient efficacy, safety or even commercial issues resulting from a cost-intensive and

time-consuming drug development process [12,13]. Several years pass from drug
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discovery over drug characterization in preclinical and clinical studies to the final approval
of the drug product with a subsequent market entry. Prior first clinical trials in human,
various preclinical experiments are required to ensure efficacy and safety of the drug
candidate. In addition, the examination of physicochemical characteristics gives insights
about in vitro and in vivo experiment limitations. Typical challenges may arise, namely,
limited compound availability or unfavorable drug properties, especially poor solubility
and/or poor permeability, which further complicate the development process [14]. Beside
the provision of service formulations for in vitro and preclinical tests, such as in vitro
investigations regarding absorption, distribution, metabolism, elimination and toxicology
(ADMET) characteristics or efficacy assessments in various animal models, it is also
desirable to develop and test formulation principles and related drug product prototypes
which could be a representative for a final commercial formulation [7,15].
Implementation of reliable analytics as well as providing appropriate vehicles are essential
for successful in vitro and in vivo experiments. As a first step, solutions allow to carry out
important in vitro and in vivo pharmacokinetic (PK) and pharmacodynamic (PD)
evaluations. Despite representing seemingly simple formulations, the development
process is often hampered by the limited drug availability and poor solubility [14]. As oral
administration is mostly the favored route of administration for reasons of simplicity and
patient compliance, the development of an enabling formulation for poorly soluble drugs
even in preclinical phase supports a positive outcome of preclinical studies and a
promising formulation approach for human use [14,16]. In addition, finding appropriate
vehicles for intravenous (IV) administration allows the determination of
biopharmaceutical relevant parameters regarding distribution, elimination, fraction
absorbed and bioavailability (BA) of oral formulations. The difficulty with poorly soluble
drug candidates is to provide a vehicle that is capable to dissolve a sufficient amount of
drug without the risk of precipitation, while maintaining high tolerability. A further aspect
of preclinical drug development is the toxicological investigation comprising in vitro
setups as well as in vivo evaluations in rodent and non-rodent species. In contrast to PK
and PD studies, the dose levels required for a toxicology study exceed the therapeutically
relevant ones many times. Subsequently, appropriate vehicles are required, that provide
sufficient drug exposure after oral administration as well as adequate tolerability of the

vehicle itself [17]. Even though, intestinal precipitation must not be excluded in principle
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due to the present oral administration, providing a vehicle with appropriate solubility
potentially results in a higher exposure especially at higher dose levels. The latter is crucial
for the toxicological assessment. Once the drug candidate is completely characterized and
safety and efficacy demonstrated in preclinical experiments, first-in-human (FIH) clinical
studies will follow to examine safety, tolerability and the ADME-profile [18]. Later clinical
trials focus on sick patients. In case of success, the drug product can be submitted for

approval, which is required for the first market entry.

: o000
. Preclinical : Clinical
Drug Discovery
Development Development
Phase IV
~{ Basic Research ‘ Drug Supply Clinical Material
Manufacturing
. . Formulation ..
Synthesis/Biosynthesis i Firstin Human
Studies
Study Phase |
In Vitro: Efficacy, | | Animal PK Studies .. .
% Toxicology, ADME ‘ (Rodents/Non- Phase Il and Il
Screening Rodents) Clinical Studies
In Vivo Efficacy [ Preparation of
Studies Submission
Documents

Safety Studies/In
Vivo Toxicology

Figure 1. Schematic overview of the drug development process comprising discovery, preclinical

and clinical development.

1.3 Enabling Formulations

Oral BA of drugs depends on several factors. The biopharmaceutics classification system
(BCS) categorizes drugs on the basis of their solubility and permeability properties [19].
Drugs of BCS class | show both good solubility and permeability, whereas BCS class Il show
good solubility and poor permeability. Poorly soluble drugs with high permeability are
classified with BCS Il and drugs with poor solubility and poor permeability are classified
with BCS IV. High-throughput screenings in drug discovery led to highly effective drug
candidates, but this was accompanied by an increasing number of poorly water-soluble
drugs as the enhanced target affinity is often associated with higher overall lipophilicity,
e.g. due to higher molecular weights and/or molecular structures [20,21]. These drug

specific characteristics influence the development process. Typically, poorly soluble BCS
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Il compounds exhibit a dissolution rate-limited absorption, which has a direct impact on
the BA [22]. The dissolution represents the rate limiting step for absorption. One approach
addressing insufficient drug availability is to increase the dose. Beside potential toxic side
effects, this leads to an uneconomical drug substance consumption, so that more
innovative approaches are needed [20,23,24]. To date, a wide range of solubility-enabling
formulations have been developed with the goal to enhance the dissolution and solubility
of poorly soluble drugs, and thus, improving absorption and BA [25,26]. Various principles
have been established over the past decades, such as particle size reduction, self-
emulsifying drug delivery systems, cyclodextrins, lipid-based formulations, usage of
cosolvents, addition of surface-active agents, mesoporous inorganic carriers, building of
soluble complexes and amorphous solid dispersions (ASD) [25,27,28]. The choice for the
most promising development path depends on numerous factors, so that a general
formulation recommendation is impossible. The physicochemical properties, drug
substance supply and the individual equipment often limit the opportunity for high
throughput screenings. However, addressing solubility issues even in early phases of drug
product development prevents time-consuming and cost-intensive readjustments and
benefits due to reducing of experimental (animal) studies by selecting formulations with

sufficient exposure [14].

One of the most common strategies to improve oral BA is the particle size reduction in
micro- or even nanoscale. Indeed, the enhancement in solubility is negligible and the
dissolution rate is rather the driving force. According to the Noyes-Whitney equation
(Eq. 1) which was extended by Nernst and Brunner (Eq. 2), a reduction of the particle size
leads to an increasing dissolution rate, while the saturation concentration is limited by the

given solubility:

dc

E:k “(Cs — ¢) (1)
Z=22 (- <) (2

where dc/dt is the dissolution rate, k is the diffusion coefficient, cs is the saturation
concentration, ¢: is the amount of dissolved drug at time point t, D is the diffusion
coefficient of the drug in the respective solvent, A is the particle surface of the undissolved

drug amount, h is the thickness of the diffusion layer and Vis the volume of the dissolution



General Introduction

media [29,30]. The compound specific ¢s cannot directly be impacted. However, for
substances that tend to supersaturate, rapid dissolution could result in a high kinetic
solubility. Thus, particle surface reduction is one principle to improve the oral BA as the
dissolution rate is directly proportional to the particle surface area. For particle size
reduction several techniques enable micronization or even nanoization. Micronization via
jet milling, ball milling, wet milling or the use of a high-pressure homogenizer is widely
used, depending on product properties and the targeted final particle size [31]. Moreover,
building solid particles via spray drying or freeze drying is able to provide particles with a
particle size < 10 um [32,33]. Particles in the nano range are producible using media
milling or nanoprecipitation, as well as, nanocarrier systems like liposomes, solid lipid

nano particles (SLN), polymeric micelles or self-emulsifying drug delivery systems [31].

Another approach to improve the solubility is to include the drug molecule into complex
cyclodextrin carriers which are composed of a lipophilic inner surface and a hydrophilic
outer surface [34]. Depending on its number of glucose units cyclodextrins are classified
as a-, B- and Y-cyclodextrin (a: 6; B: 7; Y: 8). For oral drug delivery B-cyclodextrins have
been commonly used because they are readily available and the cavity size is suitable for

a wide range of drugs [35].

Chemical adjustments as salt formation or using prodrugs can improve aqueous solubility.
However, successful identification of a suitable counterion remains uncertain and feasible
for only a few candidates depending on ionizable structures [36]. If possible, the
development of a soluble prodrug can overcome BA limitations caused by poor solubility

[37].

The addition of suitable excipients is a common strategy to improve the solubility behavior
of poorly soluble drug candidates. Using cosolvents, e.g., ethanol, polyethylene glycol
(PEG) 400 or N-methyl pyrrolidone is a promising approach, but often fail due to
toxicology limitations of the solvent, instability or potential drug precipitation [28,38].
Moreover, cosolvents are primarily intended for liquid drug products. Likewise, lipid or
surfactant based delivery strategies covering solution based formulation principles
comprising emulsions, oil solutions or self-emulsifying drug delivery systems (SEDDS) [39].
In contrast to the liquid based SEDDS, the SLNs display a principle for a solid lipid based

option applicable for oral drug delivery with potential controlled release and stability
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enhancement [40,41]. SLNs consist of solid lipids and emulsifiers which are typically
suspended in water. Further processing into tablets, pellets or capsules is conceivable. In
general, SLNs are accompanied with low toxicological spectra, easy availability and low
costs [42]. Drying techniques as lyophilization or spray drying can be used to convert an

aqueous SLN dispersion into a dry product [40].

Mesoporous silica represents a further enabling formulation strategy for poorly soluble
drugs. The focus of this carrier-based system is the oral drug delivery. Due to its inert and
stable character, mesoporous silica is considered to be nontoxic. The principle behind is
the adsorption of the drug into the small pores (pore size: 2 —50 nm) of the insoluble
carrier leading to an increased dissolution rate according to Eq. 2. [43]. In addition, the
drug can be introduced to the pores in its metastable amorphous form leading to an
enhanced dissolution rate compared to the crystalline state where higher energy is
required to overcome the crystalline lattice energy [44]. Furthermore, the small pore size
may prevent from crystal growth of amorphous drug because of its finite-size resulting in
immobilization effects [45—-48]. Beside faster dissolution rates the amorphous form
potentially leads to a supersaturated solution that may offer higher absorption and BA,
depending on the maintenance of the supersaturated state [49-51]. However, further
downstream processing of the mesoporous silica intermediate into a final drug product
remains challenging due to poor compressibility behavior and reaching a sufficient drug

load [52].

The principle of formulating a solid dispersion has become increasingly important in
recent decades. By that, the drug is molecularly dispersed in an inert carrier or matrix [53].
Polymers are used as amorphous carriers in which the drug can be dissolved and the drug
dissolution is controlled by the dissolution of the polymer [54]. A further advantage of this
approach is to overcome limited aqueous solubility, to transfer a formerly crystalline drug
into its amorphous form. Despite the crystalline lattice provide a thermodynamical more
stable state, this may be contrary to the dissolution process, necessary for intestinal drug
absorption [55]. However, by converting the drug into the thermodynamical unfavored
amorphous state it is able to increase the dissolution rate due to the less required energy
to break up the crystal lattice [53,56,57]. In addition, the performance of an ASD is

affected by the potential of supersaturation of the dissolved drug [54,58,59]. By
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maintaining the supersaturated state for a biorelevant time drug absorption increases
despite actual poor solubility [60]. Appropriate excipients have the potential to stabilize
and prolong the supersaturated state and therefore, prevent precipitation [61]. For the
selection of a suitable carrier in order to form an ASD several aspects should be
considered: Formation of a long-term stable ASD in terms of recrystallisation, improved
dissolution rates and the possibility of supersaturation by considering its stabilization. In
general, amorphous polymers are commonly used as carrier systems where the drug is
completely soluble forming a monophasic “glass solution” [53,62]. Typical representatives
are polyvinylpyrrolidone (PVP), polyvinylpyrrolidone-co-vinylacetate (PVPVA), PEG,
polymethacrylates or cellulose based derivates such as hydroxypropylmethyl cellulose
(HPMC) and hydroxypropylmethyl cellulose acetate succinate (HPMCAS). The molecular
weights differ in terms of their respective polymer chain length, resulting in different
polymer properties like viscosity, glass transition temperature (Tg) or molecular mobility,
which in turn potentially affect the stability of the ASD [63]. Physical stability of drug
products, e.g., the maintenance of the amorphous state during the shelf life of a
pharmaceutical product, is of great interest from an industrial and regulatory point of
view and needs to be evaluated [64]. For preparation, several manufacturing techniques
are used covering melting-based and solvent-based methods [53]. One of the most
common methods for melting-based methods is the hot melt extrusion, where the
polymer-drug mixture is simultaneously melted and homogenized via rotating screws.
Thereby, the drug dissolves in the polymer. However, polymer dependent high
temperatures are required. For thermolabile drugs the high temperatures are not feasible
and exclude this technique for such drug candidates. Instead, solvent based techniques
represent an alternative strategy using the rapid solvent evaporation principle. Spray
drying is the most common technique to form ASDs via solvent evaporation [65]. Even
though, the drying process possibly requires high temperatures, extent and duration
differ in comparison to hot melt extrusion. In sum, this process needs high energies and
the use of organic solvents, but enables the thermally more gentle production of ASDs

[65]. In addition, this technique allows the generation of nano- to micro-sized particles.
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Enabling formulation strategies
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Figure 2. Overview of formulation principles for poorly water-soluble drugs.

1.4 Dissolution

In vitro drug dissolution tests are used under certain perspectives. From a regulatory point
of view, dissolution experiments are intended either as a routine control test to guarantee
consistent quality or as an opportunity for bioequivalence evaluations [66,67]. In
principle, dissolution describes the amount of the drug which is dissolved from the dosage
form in a specified time. It can be expressed as percentage based on the overall tested
drug amount or mass concentration (W/V) displayed as cumulative amount. The speed at
which the drug is dissolved can be described as dissolution rate in accordance to Eq. 2
[68]. Another important aspect for dissolution studies is the presence of sink or non-sink
conditions which are directly related to the dissolution rate [69]. Sink conditions are
dependent on physicochemical drug properties and the experimental setup. In case the
maximum achievable concentration during the dissolution experiment is close to the
saturation solubility of the drug the dissolution rate would decrease. To overcome this
problem, providing a setup where the dissolution rate is independent due to a high gap
between saturation and maximum achievable concentration is required. It is reported

that in case the volume of the test media exceeds 3-10 times the volume that causes



General Introduction

saturation of the drug, in accordance to Ph. Eur., sink conditions are present [70].
Although, sink conditions should be achieved by selecting optimal dissolution medium and
volume, for poorly soluble drugs limitations occur due to experimental based volume
restrictions. However, from a development point of view, sink conditions are not
mandatory. In contrast, the focus at early drug development stages is on the performance
evaluation of formulation candidates to select the most promising representatives for the
next steps of the development process. In particular, poorly soluble drugs may require
enabling formulations as described in Chapter 1.3. At this point the commonly used and
well-known dissolution apparatuses (defined by the United States Pharmacopeia (USP);
I: basket and Il: paddle) are reaching their limits in terms of predictability of in vivo
performance [71]. The value of the dissolution results improves by adapting the
experimental setup to the conditions in the respective physiological environment [72].
This has given rise to the term biorelevant which describes an approach to approximate
the conditions prevailing in vivo. Examples for important experimental settings are
medium composition, volume, hydrodynamics and investigated dose [73]. After oral
intake of a solid dosage form such as an immediate-release tablet, the formulation must
disintegrate followed by drug dissolution prior intestinal absorption [22]. Dynamic
processes such as supersaturation, precipitation or forming of colloidal reservoir systems
may occur, especially for enabling formulations of poorly soluble drugs [74]. By adapting
the in vitro dissolution setup, it is strived to display these dynamic processes to predict
the in vivo behavior, whereby several dissolution approaches have been raised to date to

support preclinical and clinical drug product development.

The artificial stomach duodenum model is based on two chambers where one is
representing the stomach and a second the duodenum. After introducing the sample into
the stomach chamber, the fluid is transferred after the respective stomach emptying time
into the duodenum chamber. Both chambers are constantly quantified [75]. This method
facilitates to investigate the influence of a pH-shift and gastric emptying rate. However,
the experimental setup is not suitable for predicting in vivo absorption due to an absent

absorption compartment [76].

A similar approach is the Biorelevant Gastrointestinal Transfer model that is based on a

three-compartment system. Beside stomach and duodenum, a reservoir chamber serves
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as a pool for bile salts and buffer to provide unaltered conditions [77]. Advantageous here
is that it is implementable by using commercially available equipment. Similar to the
artificial stomach duodenum model, this approach is not suitable for absorption

simulations.

Further strategies have been evolved to approximate intestinal drug absorption within
the dissolution experiment. Intestinal permeation can be investigated by cell-based
systems using Caco-2 or Madin Darby canine kidney cell lines [76,78]. Complexity and
effort of such membranes led to the cell-free alternative of artificial membrane systems
comprising of cellulose based membranes [79]. Further advancements resulted in the
parallel artificial membrane permeability assay (PAMPA) where the membrane is
comprising of a hydrophobic polyvinylidene fluoride-filter impregnated with
gastrointestinal lipids [80]. The membrane represents a barrier between donor and
acceptor chamber. Commercially available dissolution setups such as the MicroDISS
Profiler™ (Pion Inc., Billerica, MA, USA), take advantage of this approach by providing a
mini-scale setup for dissolution-permeation studies. Side by side chambers are segregated
by a PAMPA membrane and both chambers are filled with buffer media [81]. The sample
is introduced to the donor chamber and dissolution of the drug is followed by permeation
through the membrane, which serves as a surrogate for intestinal absorption. This is
expected to approximate supersaturation and precipitation as it might occur in vivo.
However, permeation is limited to the surface of the membrane and thus, insufficient
permeation might not be able to prevent precipitation. As supersaturation is influenced
by in vivo intestinal absorption, insufficient flux limits the predictability for poorly soluble

drugs.

Another approach providing an absorption sink is the biphasic dissolution. The principle
behind is that a water-immiscible organic solvent displays an absorptive compartment. In
contrast to the membrane-based experiments, where the drug penetrates the
membrane, in the biphasic dissolution approach the dissolved drug partitions from the
aqueous to the organic layer according to its lipophilicity [82]. Various strategies have
been developed for this purpose to mimic in vivo conditions and to improve the
robustness of the system. In general, aspects like volume and type of aqueous and organic

phase, introduced dose, vessel geometrics, hydrodynamics, running time and
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guantification methods are important parameters. Denninger et al. recently introduced
the biphasic dissolution assay BiPHa+ [83—85]. This fully automated apparatus aims to
forecast oral absorption in human. Thus, biorelevant pH-shifts and media are integrated
and the predictive power was demonstrated by an in vitro in vivo relationship (IVIVR)
based on five commercial drug products [84]. Moreover, the partitioning profiles of the
investigated drug products were integrated to in silico physiologically based
pharmacokinetic (PBPK) models to successfully predict human PK profiles [85]. The
investigation of the aqueous phase allows insights into potential supersaturation and
precipitation, whereas the sum of partitioning into the organic phase serves as a surrogate
for in vivo intestinal absorption. So far, the composition and concentration of biorelevant
media mimic the gastrointestinal environment present in fasted state associated to the
established medium of fasted state simulating intestinal fluid (FaSSIF) [86]. In sum, the
biphasic dissolution serves as a promising approach to assess the in vivo performance of
poorly soluble drugs and enabling formulations thereof. The BiPHa+ assay was able to
simplify the experimental effort via automation of relevant steps. Although, this model is
not suitable for regularity relevant investigations, it is one of the simplest models
mimicking the in vivo absorptive sink and thus, supporting formulation selection during

development processes [82].

1.5 Physiologically based Pharmacokinetic Modeling

PBPK models intend to depict concentration profiles of a drug in the blood and various
tissues. The models base on input parameters which are related to the drug
characteristics, site and means of administration and physiological conditions and
processes [87]. Through this, comprehensive predictions regarding absorption,
distribution, metabolism and elimination are enabled and can be used to assess the
exposure in a target organ tissue [88]. Especially, for the oral administration of neat drugs
or drug products, the physicochemical properties and physiological conditions in the gut
determine intestinal absorption. In 1998, GastroPlus™, as the first commercially available
software, introduced a mixing-tanks-in-series approach to describe intestinal drug
movement combined with dissolution based on aqueous solubility and absorption rate
constants referring to existing PK data [89]. In general, the software must be fed with

several input parameters including physiochemical properties or in vitro determined
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surrogates for drug absorption (e.g., transporter), metabolism (e.g., cytochrome P450
(CYP)) or elimination (renal and/or hepatic). Due to expanding opportunities and
improvements of in vitro experiments and in silico software, the predictive power of the
PBPK models increased over the last years [85]. However, time- and cost-effective drug
development processes are in conflict of a holistic investigation of all conceivable in vitro
experiments. Respective parameters can be estimated by utilizing in silico predictions
based on the chemical structure. Thus, PBPK modeling is applicable even in early drug
development processes. Beside human physiology, various animal physiologies are
provided by the software. These differ in e.g., pH, fluid volume and transit times
influencing drug release from the formulation and absorption. Nevertheless, building
models of preclinical species is useful to gain confidence in the input parameters for a
subsequent human PBPK model [87]. Later applications could be population simulations
in terms of various ethnic groups, ages or disease stages [88]. Beside drug development,
PBPK modeling also plays an increasingly important role for regulatory submissions by
estimations such as FIH dose predictions or potential drug-drug interactions [88,90,91].
Overall, PBPK modeling has emerged to be a valuable tool to support drug development,

clinical study design and regulatory applications.
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2. Project Introduction

2.1 Corallopyronin A

NTDs include many chronic infection diseases concerning the poorest people world-wide
[8,92]. Despite high prevalence (in sum one billion people) of several NTDs according to
estimated 35,000 deaths per day, the pharmaceutical industry is hesitant in terms of
research and development investments [93,94]. Despite high prevalence, it is in particular
challenging to be profitable as high development costs meet financially weak
environments, especially for poverty burden countries, resulting in a high risk to the
return on investment [95]. Fortunately, several investment partners like governments and
non-governmental organizations were convinced to invest in preventing and controlling
these diseases [93]. Two representatives of NTDs are the onchocerciasis (global
prevalence: 37 Mio.) and the lymphatic filariasis (global prevalence: 120 Mio.) [92,96,97].
Both are caused by parasitic helminths, specifically nematodes, threatening public health
in tropical regions [98]. The helminths are transmitted by blood-feeding insects
(mosquitos) and result in a long-term infection due to the long life of the worms (5-8
years). Dead worms trigger host inflammation leading to skin disease and blindness in the
case of onchocerciasis and lymphoedema and elephantiasis in the case of lymphatic
filariasis follow [98]. At lymphatic filariasis the adult worms, located in the lymphatic
vessels, produce microfilariae that migrate into the blood allowing further transmission
via mosquitos. At onchocerciasis the adult worms are located in subcutaneous tissue,
visible as nodules. The released microfilariae migrate to the skin and the eyes.
Transmission occurs via black flies, which are typically found along rivers, giving rise to the
term “river blindness” [98]. An important pharmaceutical target are the Wolbachia-
bacteria that are living in an endosymbiosis with the nematodes. A successful anti-
Wolbachia therapy is able to sterilize and kill the adult worm to avoid further reproduction
and rebound effects [99]. Although, with doxycycline an opportunity was found to be
efficient against both, onchocerciasis and lymphatic filariasis, the extended treatment
duration of 4-5 weeks is not in accordance to the mass drug administration which aims to
interrupt the transmission cycle of these diseases [100]. In essence, identifying novel drug
treatment strategies is one key to tackle the increasing drug resistance and decrease the

risk for cross-resistance of existing antibiotics [101]. A promising anti-Wolbachia
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candidate is corallopyronin A (CorA), a natural product of the myxobacteria Corallococcus
corraloides [99,100,102,103]. In 1985, the CorA structure was elucidated and in vitro
efficacy against Gram-positive pathogens has been demonstrated [104]. Meanwhile, the
spectrum of action also includes Gram-negative bacteria with CorA representing a
promising treatment option against Chlamydia trachomatis, Orientia tsutsugamushi,
Staphylococcus aureus, and Wolbachia [102,105]. The pharmacological target of CorA is
the DNA-dependent RNA-polymerase, in that CorA acts as a non-competitive inhibitor of
the switch region [106]. Hence, the transcription of the RNA-polymerase is inhibited,
inducing the death of the bacteria. This mode of action is not widely addressed by other
antibiotics, which makes it advantageous against the bacterial resistance threat. In
contrast to rifampicin, another inhibitor of the DNA-dependent RNA-polymerase, the
binding site is at a different location preventing cross-resistance of the these two
antibiotic candidates [102]. By using heterologous expression with the help of the
production platform in the myxobacterium Myxococcus xanthus it was possible to
increase the CorA production yield during the fermentation process [107]. The following
isolation process via reversed-phase medium pressure liquid chromatography enabled a
CorA purity of 90-99% [102]. Successful initial in vitro efficacy experiments, establishment
of the analytics and a production providing sufficient drug purity paved the way into the
preclinical development stage. Investigations revealed several pitfalls that need to be
addressed with particular attention during the preclinical development process. As for
CorA an undesired intramolecular isomerization leads to a loss of efficacy, one goal of the
CorA-projects was to improve the storage stability. Moreover, an amorphous state
accompanying with a low Tg of 5 °C provokes a waxy and sticky drug mass with ambitious
handling properties [108]. Regarding its physicochemical properties, the lipophilic
character (logP of 5.4) indicates good permeability, but rather poor aqueous solubility (pH
1: 0.11 pg/mL; pH 6.5: 91.13 ug/mL) [108]. Accordingly, appropriate formulation
strategies were required to enable various preclinical investigations. This includes liquid
formulations, valuable for in vitro and first rodent in vivo evaluations, and solid
formulation for subsequent rodent and non-rodent in vivo trials. The formulation
strategies were investigated with emphasis on stability, solubility and handling

enhancement [108].
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3. Scope and Objectives

Prior to a successful approval and market entry of a novel drug product, each project has
to pass several steps. Especially during the preclinical drug development stage many
potential hurdles need to be evaluated and addressed. During the development process
it is essential to implement a rational drug development process to save valuable
resources, costs and animal trials. To do so, in vitro tests and in silico tools were
established to provide estimates regarding respective in vivo behavior. The need for
appropriate CorA formulations was indicated due to its susceptibility to isomerize, poor
solubility and waxy consistency. However, common technologies regarding
manufacturing and characterization of drug products need a minimum of drug amount

which in turn is often not feasible during preclinical phases.

The objective of this thesis was to introduce approaches regarding a resource saving drug
product development and biorelevant in vitro and in silico setups to support the
preclinical assessment of the anti-infective CorA. Thus, the biorelevant biphasic
dissolution was used and adjusted to mimic intestinal conditions of preclinical species to
support the formulation screening for these species and to improve confidence for human
estimates. It was aimed to combine these results with PBPK modeling and make an initial
prediction of FIH performances to provide a safe and rational entry into clinical phase |

trials. To achieve these goals the following work packages were carried out:

1. Establishment of a down-stream process for the production of the solid drug
products, a capsule or tablet containing the respected spray dried CorA-ASD
intermediate.

2. Characterization of CorA and CorA formulations with a special attention towards
the stability and dissolution enhancement.

3. Investigation of dissolution performances under preclinical biorelevant conditions.

4. Preclinical PK characterization of CorA and CorA-formulations in mice, jirds, rats
and dogs.

5. Investigation of potential transport mechanisms that influences BA.

6. Establishment of PBPK models for cross species evaluations and FIH predictions.

7. Toxicological investigations of CorA in rats and dogs.
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4. Materials and Methods

4.1 Materials
A)

B)

C)

Figure 3. Chemical structure of CorA (A) and its main isomers CorA’ (B) and CorC (C).

Figure 3 shows the chemical structure of CorA and its most relevant isomers
corallopyronin A’ (CorA’) and corallopyronin C (CorC). The production of the drug
substance by fermentation and subsequent isolation processes were carried out by the

Helmholtz Centre for Infection Research (HZI) in Braunschweig. For the following in vitro
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and in vivo experiments different CorA batches were used. To guarantee comparability, a

CorA content of 90-95% was ensured for each batch.

Table 1. Overview of the used materials in this work.

Material Tradename

Supplier

Acetonitrile

(LC-MS grade)
Ammonium acetate
(LC-MS grade)

Methanol

(LC-MS grade)

Water

(LC-MS grade)

Abs. ethanol

(99.8%)
Polyvinylpyrrolidone
(Povidone)
Vinypyrrolidone-vinyl acetate
copolymer (Copovidone)
Acetaminophen

Kollidon® 30 LP

Kollidon® VA 64

Hydroxypropyl methylcellulose
4000 (Hypromellose 4000)
Mesoporous silica Syloid® XDP 3050
Polyethylene glycol 200 and

400 (PEG 200; PEG 400)

Propylene glycol

Macrogol 15 hydroxy stearate  Kolliphor® HS 15

Gibco™ Phosphate buffered DPBS (1X)
saline (PBS) (pH 7.4; 1x)

n-Hexane

Sorbitan monooleate Span® 80

Sodium tartrate

Di-sodium hydrogen
phosphate monohydrate
Sodium dihydrogen phosphate
mono hydrate

Lecithin

Bernd Kraft GmbH
(Duisburg, Germany)
Merck KGaA

(Darmstadt, Germany)
Bernd Kraft GmbH
(Duisburg, Germany)
Bernd Kraft GmbH
(Duisburg, Germany)

Carl Roth GmbH +. Co. KG
(Karlsruhe, Germany)
BASF SE

(Ludwigshafen, Germany)
BASF SE

(Ludwigshafen, Germany)
Caesar & Loretz GmbH
(Hilden, Germany)
Shin-Etsu

(Venlo, Netherlands)
GRACE

(Worms, Germany)

Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)
VWR Chemicals
(Darmstadt, Germany)
BASF SE

(Ludwigshafen, Germany)
Thermo Fischer Scientific,
Life Technologies Europe BV,
(Bleiswijk, Netherlands)
VWR Chemicals
(Darmstadt, Germany)
Croda GmbH

(Nettetal, Germany)
Merck KGaA

(Darmstadt, Germany)
Th. Geyer GmbH & Co. KG
(Renningen, Germany)
Th. Geyer GmbH & Co. KG
(Renningen, Germany)
Alfa Aesar

(Kandel, Germany)

18



4. Materials and Methods

Material Tradename Supplier
Sodium taurocholate hydrate, Alfa Aesar
96% (Kandel, Germany)
Hydrochloric acid, 0.1 N Sigma-Aldrich Chemie GmbH
(Steinheim, Germany)
1-Decanol Alfa Aesar
(Kandel, Germany)
Sodium hydroxide VWR Chemicals
(Darmstadt, Germany)
Tri-potassium citrate Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)
Tri-potassium phosphate Alfa Aesar
(Kandel, Germany)
Sodium phosphate monobasic VWR Chemicals
anhydrous (Darmstadt, Germany)
Glyceryl monooleate Peceol Gattefossé
(Rheinfelden, Switzerland)
Sodium oleate Sigma Aldrich
(Taufkirchen, Germany)
Hydroxyethyl HEPES Carl Roth GmbH + Co. KG

piperazineethanesulfonic acid
Sodium chloride

Lysophosphatidyl-choline
Maleic acid

Dog FaSSIF

Silica gel

Enteric Capsules, size 0

Sterile water for injection

Hydroxyethyl cellulose

Reagents for cell culture
experiments
Trypsin-EDTA solution 10%

Dulbecco’s Modified Eagle’s
Medium

Lipoid P LPC 80

Vcaps® Enteric
Capsules
Ampuwa®

NATROSOL®

(Karlsruhe, Germany)
Sigma-Aldrich Chemie GmbH
(Steinheim, Germany)
Lipoid

(Ludwigshafen, Germany)
Merck KGaA

(Darmstadt, Germany)
Biorelevant

(London, United Kingdom)
Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)
Capsugel®

(Morristown, NJ, USA)
Fresenius Kabi Deutschland
GmbH (Bad Homburg,
Germany)

Caesar & Loretz GmbH
(Hilden, Germany)

Sigma Aldrich
(Taufkirchen, Germany)
Sigma Aldrich
(Taufkirchen, Germany)
Sigma Aldrich
(Taufkirchen, Germany)
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4.2 Quantification of CorA by HPLC DAD

A quantification method via high-performance liquid chromatography (HPLC) was
comprehensively described by Krome [109]. As CorA tends to isomerization and
tautomerization, it was crucial to establish a method that allows a clear separation of all
isomers, especially for in vitro stability assessments and CorA quantifications in plasma
samples obtained from in vivo PK studies. The following method meets these
requirements [108,109]. CorA samples were quantified by HPLC with an Alliance 2695
separation module and a 2998 PDA detector (Waters, Eschborn, Germany). HPLC
conditions were set as follows: column: Waters XBridge® Shield RP18 column (3.5 um,
2.1 x 100 mm, 130 A); temperature: 30 °C, injection volume: 5 pL; flow rate: 0.3 mL/min;
wave length for quantification: 300 nm. The mobile phase A was comprised of acetonitrile
and water (5:95, (V/V)) with 5 mM ammonium acetate and 40 uL acetic acid per liter and
the mobile phase B was comprised of acetonitrile and water (95:5, (V/V)) with 5 mM
ammonium acetate and 40 uL acetic acid per liter. The gradient was used as follows:
70%A/30%B to 20%A/80%B, stepwise within 30 min. Data were analyzed using the
Empower 3 software (Waters, Eschborn, Germany) and quantified using an external
reference standard. In vitro samples were diluted until reaching a maximum
concentration of 0.1 mg/mL to ensure clear separation. Plasma samples were prepared
as follows: Plasma was mixed with ice-cold acetonitrile (1:3, (V/V)), vortexed for 10 s and
centrifuged at 11,000 G at 4 °C for 25 min. The supernatants were transferred to HPLC
vials and maintained at 5 °C in an autosampler before injection. No major matrix effects

were observed when mixing CorA-containing acetonitrile with plasma.

4.3 Manufacturing

4.3.1 Manufacture of the Spray-Dried CorA-ASD Formulations in a small-scale spray
dryer

The used polymers were dried at 40 °C for 24 h under vacuum conditions using a vacuum
oven chamber (Binder GmbH, Tuttlingen, Germany) to remove residual water. CorA and
the respective polymer were dissolved in ethanol, targeting a solid concentration of 10%
(w/v). The ratio between polymer and CorA was 80:20 resulting in a drug load of 20% for
the produced ASDs (Table 2). The ethanolic solution was dried using a Biichi B-290 mini

spray dryer, coupled to an Inert Loop-B295, Dehumidifier B-296 (Buchi, Flawil,
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Switzerland) and an anemometer (model AF89-AD1AA13COAA, Fluid components Intl. San
Marcos, CA, USA). The spray dryer was further equipped with a two fluid nozzle (0.7 mm
nozzle tip, 1.5 mm screw cap) and a 90 ° drying chamber. The manufacturing process was
set with the inert gas nitrogen as drying gas and an aspirator rate of 100% (corresponding
to 35 m3/h). The inlet temperature of 85 °C resulted in an outlet temperature of 59 °C.
The nitrogen spray gas flow was set at 473 L/h (corresponding to 40 mm height of the
rotameter) and a solution feed rate of 5 mL/min was chosen. After the spray drying
process, the collected spray dried powder (process yields of 60-65%) was dried at 25 °C
for 24 h under vacuum conditions using the vacuum oven chamber to remove residual

solvent.

Table 2. Composition of CorA-ASDs.

Formulation Excipient Composition Drug load

ASD 1 Povidone CorA 20% 20%
(polyvinyl-pyrrolidone) Povidone 80%

ASD 2 Copovidone CorA 20% 20%
(vinylpyrrolidone-vinyl Copovidone 80%

acetate copolymer))

4.3.2 Briquetting of the Spray-Dried CorA-ASDs

Spray dried products typically show small particle sizes accompanying with poor powder
flowability properties [65]. For further processing into solid oral drug products, such as
capsules or tablets, it is necessary to increase the particle size to enable tableting or easy
capsule filling. Dry granulation was chosen as a solvent-free technique to reduce the risk
for moisture induced physical instability. Roller compaction is a well-known granulation
technique and has been used in the pharmaceutical industry for more than 50 years [110].
However, this technology requires a minimal quantity to be processed and the limited
drug substance of CorA (batch sizes of 10-20 g) during preclinical development excluded
this technology. Instead, briquetting was used as a small-scale alternative. Similar to roller
compaction, the powder was exposed to high force which leads to the formation of a
compact. In essence, the compaction is a process to alter powders or granules into a
coherent specimen (e.g., tablets) [110,111]. The briquetting was performed using a

pneumatic hydraulic tablet press (FlexiTab®, Roltgen GmbH & Co KG, Solingen, Germany).
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For this purpose, an 18 mm round flat-face tooling with a compaction force of 197 MPa
was used. After the briquetting process, the compacted material was manually

granulated/crushed with a mortar and pestle and divided into sieve fractions.

4.3.3 Encapsulation of the CorA-ASD Granules

Capsules represent a very suitable option for initial human trials due to their ease of use
and flexibility in dose adjustments. For in vitro and in vivo investigations, 75 mg of ASD
granules were individually weighed into size 0 enteric hard capsules. The chosen dose
level based on interspecies efficacy dose conversion from mouse to dog, provided by the
FDA guideline [112]. The identified efficacious dose of 36 mg/kg in BALB/c mice resulted
in an estimation of 7.3 mg/kg for dogs resulting in an absolute dose of 75 mg, based on
an approximate body weight of 10 kg [113]. Hence, a dose level of 75 mg CorA
(corresponding to 375 mg ASD) was targeted using enteric capsules, size 0, (Vcaps®

Enteric Capsules, Capsugel®, Morristown, NJ, USA).

4.3.4 Tableting of the CorA-ASD Formulations

Tableting processes were performed using a pneumatic hydraulic tablet press (FlexiTab®,
Roltgen GmbH & Co KG, Solingen, Germany). For sustained release matrix tablets, the
12x8 mm biconcave tooling with a cup radius of 10.4° was used. The ASD-granules were
manually mixed with HPMC 4000 using a spatula and manually introduced to the die with
the targeted tablet mass. Table 3 summarizes the tablet compositions. Due to limited drug
substance preliminary studies without CorA were conducted to find a compaction
pressure resulting in a sufficient crushing strength (approx. 100-150 N). These preliminary
studies revealed a compaction pressure of 97.2 MPa. After tableting, the tablets were

stored at room temperature under nitrogen in air-tight vials.
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Table 3. Composition of CorA-ASD tablets.

Formulation Composition Tablet weight CorA dose
(mg  SD) (mg)

CorA-povidone-ASD CorA-povidone-ASD 80% 3149+23 50.4

HPMC 4000 HPMC 4000 20%

CorA-copovidone-ASD CorA-copovidone-ASD 90%  281.2+2.2 50.6

HPMC 4000 HPMC 4000 10%

4.3.5 Preparation of Mesoporous Silica Formulation of CorA

The solid mesoporous silica formulation was prepared by the incipient wetness
impregnation process [43,114]. A highly concentrated ethanolic solution of CorA (1 g/mL)
was prepared using an ice-cooled ultrasonic bath. The solution was added dropwise to
mesoporous silica in a 1:2 weight ratio. Simultaneously, the mesoporous silica was
constantly manually mixed in a plastic mortar and pestle. After reaching a ratio of 2:1
(silica/CorA, (W/W)), the powder was dried at 25 °C for 24 h. A second loading cycle was
performed similarly to achieve a final ratio of 1:1 of CorA-silica (W/W). The drying step
was conducted at 25 °C for approx. 24 h to remove the residual solvent. Higher drying
temperatures were impossible due to the thermal lability of CorA. As the maximum liquid
to Syloid® XPD/silica ratio of 1.65:1 reported by the manufacturer, would have been
below the required ratio of 2:1 liquid (CorA solution in ethanol 1g/ml) to solid ratio (W/W),
the loading was performed in a twostep process well below this value in order to enable
the liquid load in the dry state [115]. However, the maximum liquid load was tested
empirically by testing ascending ratios between liquid and silica. The final amount of
added liquid was determined to the extent that a free-flowing powder was still present

after the loading steps.

For the toxicological studies in dogs the first loading was performed on a 0.97:1 liquid
(CorA solution in ethanol 1 g/ml) to solid ratio (W/W). After an intermediate drying step
(evaporation of ethanol) a second loading step was performed, subsequently. To

determine the loading efficiency, 10 mg of CorA-mesoporous-silica were added to 10 mL
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acetonitrile and continuous ultrasound was used for 1 h to induce drug release
(ultrasound water bath Sonorex TK 52 H, Bandelin, Berlin, Germany). The withdrawn
samples (1.0 mL) were centrifuged (5 min, 21,000 G, 37 °C) and the supernatant was
diluted 10-fold with acetonitrile and quantified by HPLC (Chapter 4.2). After the final
drying step an overall loading efficiency of 89% + 3% resulted based on the extractable
CorA amount from the loaded silica. Loading efficiency was defined as the extractable

drug fraction out of the mesoporous silica.

4.3.6 Liquid Formulations of CorA for In Vivo Studies

During preclinical investigations of CorA several in vivo PK, as well as, PD studies required
liquid formulations. Providing stable solution principles was essential for a successful and
safe CorA administration. For PK studies in animals, vehicles for IV administration enable
determination of oral BA and insights to elimination and distribution behavior of the drug
candidate. Thus, a co-solvent based liquid formulation was developed by Krome et al.
[108]. Good tolerability and applicability were demonstrated for preclinical studies in
mice. However, preclinical studies include investigations in different species showing
different tolerability. For dogs, e.g., the high amount of the non-ionic surfactant
Kolliphor HS 15 was reported to cause histamine induced allergic reaction and excluded
this composition for studies in dogs [116]. Likewise, when administered to rats,
intolerance was observed, which led to animal deaths. Thus, alternatives were developed
that involved either a proportion adjustment or a change in composition. Further liquid
formulations for toxicological investigations were investigated, that are typically carried
out with solutions due to easy dosing and ease of handling. Table 4 summarizes the liquid
formulations with corresponding maximum concentrations and the studies in which they

were intended for.
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Table 4. Composition of CorA liquid formulations.

Formulation Excipients Maximum tested Study for which
concentrations the vehicle was
resulting in a used
CorA-Solution

Liquid Formulation 1  20% Propylene glycol 20 mg/mL PK study in mice

20% Kolliphor HS 15 PK study in rats

60% PBS, pH 7.4

Liquid Formulation 2  20% Propylene glycol 7.5 mg/mL PK study in dogs
4% Kolliphor HS 15
76% PBS, pH 7.4

Liquid-Formulation 3  60% PEG400 3.6 mg/mL PK study in rats
40% PBS, pH 7.4

Liquid Formulation4 100% PEG 200 100 mg/mL Toxicology
study in rats
PK study in dogs

4.4 Characterization of CorA Formulations
4.4.1 Particle Size Distribution of Spray-Dried Products

Determination of particle size distributions based on the laser diffraction measuring
principle. A Horiba LA-960 laser diffractometer (Horiba, Kyoto, Japan) equipped with a red
laser diode (650 nm; 5 mW) and a blue light emitting diode (405 nm; 3 mW) was used.
The device provides two different laser diffraction techniques: (1) Measurement in the
natural dry powder state; (2) measurement of the powder which is dispersed in a liquid.
To avoid a great material loss, option (2) was chosen for CorA-formulations. N-hexane was
used as a dispersion medium that is not able to dissolve or swell the formulations or
components thereof and has an appropriate low viscosity. The addition of 0.1% SPAN 80
reduced the surface tension and improved the wettability. Approx. 15 mL of this
suspension was filled into a beaker and a small quantity of CorA-formulation was added.
Ultrasonic sound was used for 30 s to break up residual agglomerates. Afterwards the

suspension was introduced to the quartz cuvette of the laser diffractometer. Sustained
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mixing by a magnetic stirrer in the cuvette prevented re-aggregation and sedimentation.

At least 3 independent measurements were conducted.

4.4.2 Scanning Electron Microscopy for Particle Morphology
Samples were sputtered with platinum. A Helios™ G4 CX Dualbeam™ (Thermo
Scientific™ Inc, Waltham, MA, USA) microscope, equipped with a secondary electron

detector, was used at 2 kV and 4 mm working distance.

4.4.3 Karl Fischer Titration for Water Content Determination

To determine the water content during the stability study of the CorA drug products the
Volumetric KF Titrator equipped with a Stromboli autosampler (Mettler Toledo,
Columbus, Ohio, USA) was used. The samples were dried at 150°C and the evaporated
water was absorbed in methanol and quantified via titration with CombiTitrant 2
(Supelco, Darmstadt, Germany). Sodium tartrate was used as a standard for a correction

factor based on titrant potency.

4.4.4 Gas Chromatography for Residual Solvent Determination

Gas chromatography measurements were carried out to determine residual solvent after
the spray drying process and after the preparation of the mesoporous silica formulations
for toxicology studies. In both cases, the amount of ethanol was determined using a Focus
GC Gas Chromatograph, equipped with a flame ionization detector and TriPlus RHS
Autosampler (ThermoFisher Scientific, Dreieich, Germany). Experiments were conducted
under the following setup: Column: FS_CS_624 quartz capillary with 30 m length and an
inner diameter of 0.32 mm; column surface: 6% poly-(cyanopropyl) phenylsiloxane and
94% poly-(dimethyl) siloxane. Samples of approx. 30-40 mg, accurately weighed, were
transferred to 1.0 mL of phosphate buffer pH 6.8. After incubation at 80 °C for 10 min in
the headspace oven, 1.0 mL gas volume was injected. The starting temperature of the
column oven was set to 60 °C and gradually heated to 80 °C with a rate of 2 K/min
following a 10 K/min up to 150 °C. Compressed air (2.0 mL/min) was used as carrier gas
and nitrogen for a 1/5 split flow during injection. A calibration curve with five

concentrations covering the range of the quantified samples were used for quantification.
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4.4.5 Biorelevant Solubility of CorA and CorA-ASD Formulations

Neat CorA, CorA-povidone-ASD, CorA-copovidone-ASD and CorA-silica were investigated
regarding kinetic solubility using the shake flask method. Two different setups, monitoring
CorA concentrations between 2 min and 4 h in case of neat CorA and CorA-ASDs and 4 h
to 24 h in case of CorA-silica were carried out. FaSSIF-V2- and fed state simulating
intestinal fluid (FeSSIF)-V2-media were used based on species-specific pH values. Setup 1
represents the pH values mimicking the human gut condition comprising FaSSIF-V2 (pH
6.5) and FeSSIF-V2 (pH 5.8) [86]. Setup 2 matched the mouse gut pH, resulting in FaSSIF-
V2-mouse (pH 5.2) and FeSSIF-V2-mouse (pH 4.8) media [117]. Neat CorA and CorA-ASD-
formulations were investigated in both setups, while CorA-silica was evaluated exclusively
in experimental setup 1. An excess of sample was introduced in each case into 10 mL of
the respective biorelevant media (Table 5) and incubated for 4 h (setup 1) and 1 h (setup
2) in a GFL 1083 shaking incubator (Gesellschaft fiir Labortechnik GmbH, Burgwedel,
Germany) at 37 °C. The endpoints after 4 h (setup 1) and 1 h (setup 2) represent the
intestinal transit times of humans (4 h) and mice (1 h) [118,119]. Samples (0.5 mL) were
withdrawn and centrifuged for 5 min at 21,000 g and 37 °C. The supernatant was diluted
10-fold with methanol to avoid precipitation and quantified by HPLC (Chapter 4.2). Kinetic

solubility profiles were established in triplicates.
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Table 5. Composition and physicochemical characteristics of biorelevant media simulating the
small intestine environment in human and mouse in fasted and fed state.

FaSSIF-V2-  FeSSIF-V2-  FaSSIF-V2-  FeSSIF-V2-

human human mouse mouse
Lecithin (mM) 3.0 10 3.0 10
Sodium taurocholate (mM) 0.2 2 0.2 2
Glyceryl monooleate (mM) 5 5
Sodium monooleate (mM) 0.8 0.8
Sodium chloride (mM) 68.6 125.5 68.6 125.5
Sodium hydroxide (mM) 34.8 102.4 34.8 102.4
Maleic acid (mM) 19.1 71.9 19.1 71.9
Sodium hydroxide 1 N g.s.;pH6.5 (q.5.;pH5.8
Hydrochloric acid 1 N g.s.;pH5.2 q.s.;pH4.8
Buffer capacity (mM/ApH) 10 25 10 25
Osmolality (mOsm/kg) 180 390 180 390
pH 6.5 5.8 5.2 4.8

4.5.6 Differential Scanning Calorimetry for T; Determination

Differential Scanning Calorimetry (DSC) measurements were performed as part of the
stability study to identify potential phase separation of CorA and polymer of the CorA-
ASDs. The DSC analyses were conducted using the DSC 2 instrument (Mettler-Toledo
GmbH, GielRen, Germany), equipped with a nitrogen cooling system. Samples were
prepared as follows: Approx. 6-10 mg of the sample was weighted into a 40 pL aluminum
crucible with a pierced lid. A temperature-modulated program (TOPEM-mode) with a
constant temperature rising profile (2 K/min) starting at 0°C was used. The end
temperatures were set high enough to exceed the expected Tg by at least 50 °C (endpoint
CorA-povidone: 170°C; CorA-copovidone: 130 °C). Measured data were analyzed with the
STARe software DB V13.00 (Mettler-GmbH, GielRen, Germany).

4.5 Dissolution
4.5.1 USP Il Dissolution for the CorA Drug Products Capsule and Tablet

Dissolution studies of acetaminophen-capsules, CorA-capsules (CorA dose: 75 mg) and

CorA-tablets (CorA dose: 50 mg) were performed using the AT7 dissolution tester (Sotax
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AG, Aesch, Switzerland). The test medium was 0.05 M phosphate buffer (pH 6.8) with a
volume of 900 mL for acetaminophen and 500 mL for CorA samples. The paddle speed
was set to 75 RPM and the temperature to 37 °C. Both, the capsules and the tablets, were
placed in a sinker to avoid floating. Online quantification was conducted using an 8453
UV/VIS spectrophotometer (Agilent, Waldbronn, Germany). Absorption was determined
at a fixed wavelength of 307 nm and the dissolution test duration was set to 3 h (capsules)
and 7.5 h (sustained release tablets). The measuring interval was 3 min and light
scattering correction was integrated by the 3-point drop line method (450 - 550 nm). The
dissolution was calculated as the percentage of dissolved drug referred to the tested dose.

All experiments were carried out at least in triplicates.

4.5.2 Mini-scale Dissolution for Small Formulation Quantities

Following the USP Il dissolution a miniaturized apparatus was established by Zecevic et al.
[120]. By using only 20 mL of dissolution media, this approach represents a valuable tool
in early drug product development since small quantities of drug substance and
formulation can be tested. The paddle speed was set to 75 RPM and the temperature to
37 °C. Similar to the original USP Il dissolution setup (Chapter 4.5.1), quantification was
performed via an UV/VIS spectrophotometer in a 3 min interval. The test medium varied
for different settings including 0.05 M phosphate buffer (pH 6.8), 0.1 N HCI (pH 1), FaSSIF
medium or FeSSIF medium. Depending on the requirements of the formulations, different
dose levels were used. Medium and dose level are depicted in corresponding Figures. The
dissolution was calculated as the percentage of dissolved drug referred to the tested dose.

All experiments were performed in triplicates.

4.5.3 Monophasic Biorelevant pH Shift Dissolution

Non-sink dissolution of CorA-ASD formulations were performed under biorelevant mouse
conditions. Thus, the experimental design was adapted concerning the pH profile and
transit time in the mouse gut [117,121]. Fed state was assumed to be the most
appropriate condition due to free food access for the mice during PK studies. As no
appropriate test media mimicking the gastrointestinal conditions of mice are described in
literature, human FeSSIF-V2 was adjusted to the reported mouse pH in a fed state similar
to the procedure suggested by the GastroPlus PBPK software (versions 9.8.3, Simulations

Plus, Inc., Lancaster, CA, USA). Dissolution during the stomach passage was simulated by
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50 mL of aqueous dissolution media, set to pH 3.0 using a buffer concentrate based on
Mcllvaine buffer [122]. A sample size of 10 mg neat CorA and 50 mg of CorA-ASDs
corresponding to 10 mg CorA were tested, respectively. After 20 min, the approximate
stomach transit time in mice, FeSSIF-V2-like concentrate was added to shift the pH from
pH 3.0 to 4.8, simulating the small intestine pH of mice [123]. Dissolution duration was set
to 80 min in accordance to the stomach and small intestine transit time in mice [119].
Quantification was conducted using an Agilent 8454 UV/Vis spectrophotometer
(Waldbronn, Germany), similar to the procedure described in Chapter 4.5.1 and 4.5.2. In
contrast, the first derivative at 394 nm was used in order to eliminate scattering artefacts.
A 1-micron full-flow filter prevented further scattering constraints due to undissolved or
precipitated particles. Three independent dissolution tests were performed for each
sample. For mouse PBPK simulations, dissolution results were incorporated to the model
via Weibull parameters calculated from the monophasic dissolution setup. The

percentage of released dose is described in Eq. 3 [124].
(-2
%Dose Released = Max <1 - e 4 ) (3)

where Max = maximum of released API, T = time lag, b = shape factor of the curve and

A = time scale.

4.5.4 Species Specific Biphasic Dissolution

During the preclinical drug development of CorA in vivo PK studies were performed in
different species. As the most common dissolution setups focus on the conditions present
in human, estimations of potential formulation candidates in preclinical species remains
difficult. The biphasic dissolution was chosen as a biorelevant approach that has been
demonstrated to be predictive for human [84]. Respective adjustments were applied to
the BiPHa+ model resulting in three different setups representing mouse, rat and dog. In
general, for all tested setups, a sample size of 10 mg neat CorA or 50 mg of CorA-ASDs
corresponding to 10 mg CorA were tested, respectively. The volume of the aqueous phase
was 50 mL. Sufficient hydrodynamic was achieved by a prism shaped magnetic stirrer
placed in the aqueous phase with a rotation speed of 170 RPM. The absorption-sink was

generated by an organic phase comprised of 50 mL 1-decanole that was automatically
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added during the dissolution after the respective stomach transit time. Potential required
pH-shifts or bile salts were realized by a manual addition of buffer-concentrate and FaSSIF
or FeSSIF components. The temperature during the dissolution experiments was kept at
37 °C. The run times followed the respective gastrointestinal transit time similar to the
settings of the PBPK modeling software GastroPlus™. Quantification was conducted using
an Agilent 8454 UV/Vis spectrophotometer (Waldbronn, Germany), similar to the
procedure described in Chapter 4.5.1 and 4.5.2. The first derivative at 394 nm was used
for both phases to eliminate scattering artefacts and biased quantification due to
biorelevant media. A 1-micron full-flow filter prevented further scattering constraints due
to undissolved or precipitated particles. Three independent dissolution tests were

performed for each sample.

Mouse-setup: The experimental design was adapted concerning the pH profile and transit
time in the mouse gut [117,121]. Fed state was assumed to be the most appropriate
condition due to free food access for the mice during PK studies. As no appropriate test
media mimicking the gastrointestinal conditions of mice are described in literature,
human FeSSIF-V2 was adjusted to the reported mouse pH in a fed state similar to the
procedure applied by the GastroPlus™ PBPK software. Dissolution during the stomach
passage was simulated via 50 mL of aqueous dissolution media, set to pH 3.0 using a
buffer concentrate based on Mcllvaine buffer [122]. After 20 min, the approximate
stomach transit time in mice, FeSSIF-V2-like concentrate was added to shift the pH from
pH 3.0 to 4.8, simulating the small intestine pH of mice [123]. Dissolution duration was set
to 80 min in accordance to the stomach and small intestine transit time in mice [119].
Table 6 depicts the medium composition and Figure 4 schematically illustrates the
experimental setup for the species mouse. In accordance to available in vivo PK studies,
neat CorA and CorA-ASDs (spray dried CorA-povidone and CorA-copovidone) were tested

using this setup.
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Table 6. Composition and characteristics of biorelevant mouse medium.

FeSSIF-V2 like

Lecithin (mM) 2

Sodium taurocholate (mM) 10

Glyceryl monooleate (mM) 5

Sodium monooleate (mM) 0.8

Sodium chloride (mM) 25.0
Potassium citrate (mM) 10

Potassium phosphate (mM) 4.3

Sodium hydroxide (mM) 10

pH 4.8

100=

Volume (mL)
a1
o

0
0 10 20
Stomach
< > <«

30

Organic Phase
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40 50 60

Time (min)

Small Intestine

70

Figure 4. Biphasic dissolution setup for the mouse model.
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Rat-setup: The composition and procedure based on Christfort et al. where
gastrointestinal fluids were characterized and an in vitro model was developed [125]. This
procedure was adapted to the BiPHa+-assay. Stomach and gut transit times were adjusted
to 30 min for stomach and 108 min for the intestine, consistent with the transit times used
by the PBPK modeling software GastroPlus™. The stomach part was mimicked by 33 mL
rat gastric medium (RGM), while the intestinal part was induced by the addition of
16.7 mL concentrate comprising buffer components and bile salts resulting in rat
intestinal medium (RIM). The buffer system based on HEPES (2-(4-(2-Hydroxyethyl)-1-
piperazinyl)-ethansulfonsdure) resulting in a buffer capacity of 25.2 mM/ApH and an
osmolality of 230 mOsm/kg for the RGM and 312 mOsm/kg for the RIM. Table 7 depicts
the medium composition and Figure 5 schematically illustrates the experimental setup for
the species rat. Spray dried CorA-povidone and CorA-copovidone were examined with this

setup, according to the rat PK study.

Table 7. Composition and characteristics of the biorelevant rat media [125].

RGM RIM
Sodium taurocholate 1.3 24.1
Lysophosphatidyl-choline 0.8 3.7
Sodium chloride (mM) 111.7 119.6
HEPES (mM) 100
pH 2.4 7.5
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Figure 5. Biphasic dissolution setup for the rat model.

Dog-setup: As dogs represent an important part in terms of preclinical PK investigations
of solid oral drug products, a commercial medium for in vitro dissolution tests is available
[126]. It was used for the biphasic setup. The first 30 min, representing the stomach
transit, 50 mL of 0.1 N HCl was used as dissolution medium since the dogs of the PK study
were treated with pentagastrin prior the CorA administration. This was carried out to
decrease the stomach pH to pH 1, similar to the pH present in fasted humans. Approx.
50 mg of the drug product, granulated CorA-povidone ASD, were filled into enteric
capsules and placed in the aqueous phase (pH 1) with the help of a sinker. After 30 min
the medium was replaced by 50 mL of the dog FaSSIF (FaSSIFc) medium. CorA amount
that may have been removed was considered in the calculation. Simultaneously, the
organic layer was introduced. The dissolution time was 138 min representing the
gastrointestinal transit time in fasted dogs. Table 8 shows the medium composition and

Figure 6 schematically illustrates the experimental setup for the species dog.
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Table 8. Composition and characteristics of biorelevant dog medium.

FaSSIFc
Lecithin (mM) 1.25
Sodium taurocholate (mM) 5
Sodium taurodeoxycholate (mM) 5
Lysophosphatidyl-choline (mM) 1.25
Sodium monooleate (mM) 1.25
Sodium chloride (mM) 59.63
Sodium hydroxide (mM) 21.66
NaH2P0O4 x H20 28.65
pH 7.5

100=-
Organic Phase

1-decanole

Volume (mL)
(6}
o

0
0 30 60 90 120
Time (min)
Stomach Small Intestine
<+——p <« |

Figure 6. Biphasic dissolution setup for the dog model.
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4.6 Stability Study Setup of the Solid Oral Drug Product Capsule

The stability of solid drug products of CorA were analyzed at different storage conditions
that were selected in accordance to the ICH guideline Q1 A (R2) for stability testing of drug
products [127]. A total of 375 mg granulated material of the ASD formulations CorA-
povidone and CorA-copovidone, respectively, were filled into enteric capsules, size 0
(Vcaps® Enteric Capsules, Capsugel®, Morristown, NJ, USA). The dose of each capsule was
75 mg. Each capsule was stored in a closed 50 mL TWIST-OFF vial, containing silica
desiccant and nitrogen as inert gas. Storage temperatures were set at 5 °C, 25 °C and
30 °C. Measurement time points were set at: immediately after manufacturing (To),
3 months and 6 months. Physical stability was assessed by DSC, water content and
dissolution (USP Il) after 3 and 6 months. Chemical stability was investigated via HPLC
(Chapter 4.2) after 3, 6 and 12 months to determine the potential extent of isomerization
and/or degradation. For sample preparation of chemical stability samples, the entire
content of the capsule (375 mg, corresponding to 75 mg CorA) was dissolved in
acetonitrile equivalent to 1 mg/mL of CorA. Afterwards, 100 uL of the solution was
transferred into a HPLC glass vial and filled with 900 uL to obtain a 10-fold dilution. The

vials were vortexed for 10 s and maintained at 5 °C in an autosampler before injection.

4.7 Preclinical PK Characterization of CorA

The PK parameter, obtained from the following PK studies, were examined using the
received plasma concentrations. The extrapolated area under the plasma concentration
curve (AUCo-inf) was calculated using the PKPlus™ Version 9.7/2.5 (Simulations Plus, Inc.,
Lancaster, CA, USA) applying a non-compartmental approach. The maximum observed
plasma concentration (Cmax) and the associated time (tmax) Were directly deduced from
the corresponding plasma concentration time profiles. For the absolute BA calculation of

the oral administrations Eq. 4 was used.

BA (%) = 5 2=="7-100 (4)

AUCy_oolV

During the preclinical development of CorA, PK studies were performed in several species
that have individual experimental requirements. The following chapters describe the

corresponding experimental study setups for each investigated species.
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4.7.1 Studies for the Species Mouse

The PK evaluations in mice were performed at the University Hospital Bonn, Germany,
according to the European Union Directive 2010/63/EU and was approved by the State
Agency for Nature, Environment, and Consumer Protection North Rhine-Westphalia,
Germany, (AZ 84-02.04.2015.A507). Female BALB/c mice (6—8 weeks old) were obtained
from Janvier (Le Genest-Saint-Isle, France) distributed to four animals per treatment
group. The animals were housed at the animal facility of the Institute for Medical
Microbiology, Immunology and Parasitology at the University Hospital Bonn, Germany.
The mice had free access to food and water throughout the experiment. Neat CorA and
the solid spray dried CorA-povidone- and CorA-copovidone-ASD formulations were
suspended in water, PBS pH 7.4 and corn oil, respectively, immediately prior to
administration (CorA 36 mg/kg, volume 10 mL/kg). The results of the CorA-povidone ASD
and CorA IV administration are reproduced with permission from Krome et al. and
discussed within this work [108,109]. As 36 mg/kg was able to deplete the Wolbachia
more than 95%, the same dose level was chosen for the PK studies. An oral gavage was
used for all oral administrations. Blood samples from the tail tip were collected after
5 min, 10 min, 15 min, 30 min, 60 min, 180 min and 480 min. Plasma preparation was

performed as described in Chapter 4.2.
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Table 9. Experimental groups of the PK study in BALB/c mice.

Group Route Vehicle Nominal
dose level
1# IV: Solution Propylene glycol / Kolliphor 36 mg/kg
HS 15 / PBS pH 7.4
2# PO: Suspension in water Povidone 36 mg/kg
3 PO: Suspension in water Copovidone 36 mg/kg
4# PO: Suspension in PBS pH 7.4 Povidone 36 mg/kg
5 PO: Suspensionin PBSpH 7.4 Copovidone 36 mg/kg
6 PO: Suspension in corn oil Povidone 36 mg/kg
7 PO: Suspension in corn oil Copovidone 36 mg/kg

# Reproduced with permission from Krome et al. [108,109].

4.7.2 Studies for the Species Jird

Since Mongolian gerbils (jirds) represent a relevant CorA efficacy model, PK profiles were
determined for this species. The studies were performed at the University Hospital Bonn,
Germany, according to the European Union Directive 2010/63/EU and was approved by
the State Agency for Nature, Environment, and Consumer Protection North Rhine-
Westphalia, Germany, (AZ 81-02.04.2020.A244). Two groups were treated with spray
dried CorA-povidone ASD formulation either with 30 mg/kg or 60 mg/kg, following the
dose levels of efficacy studies in jirds. Each group comprised of four female animals,
housed at the animal facility of the Institute for Medical Microbiology, Immunology and
Parasitology at the University Hospital Bonn, Germany. The jirds had free access to food
and water throughout the experiment. The formulations were administered as
suspension in PBS 7.4 with a dose volume of 3.5 mL/kg. Sampling time points were 5 min,

10 min, 15 min, 45 min, 60 min, 3 h and 6 h. Blood was taken from the vena saphena.

Plasma preparation was performed as described in Chapter 4.2.
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Table 10. Experimental groups of the PK study in jirds.

Group Route Vehicle Nominal dose level
1 PO: Suspension Povidone 30 mg/kg
2 PO: Suspension Povidone 60 mg/kg

4.7.3 Studies for the Species Rat

The PK evaluation in rats was conducted at Aurigon Toxicological Research Center Ltd
(ATRC, Dunakeszi, Hungary) in compliance with the Directive 210/63/EU and amendments
on the approximation of laws, regulations and administrative provisions of the Member
states regarding the protection of animals used for experimental and other scientific
purposes. For the PK study, 20 female Wistar rats were divided equally into five groups.
The first two groups were treated intravenously. Solutions of CorA dissolved in propylene
glycol, Kolliphor HS 15 and PBS (pH 7.4) (20:20:60, (V/V/V)) at a concentration of
7.2 mg/mL and a back-up option comprised of PEG 400 and PBS pH 7.4 (60:40, (V/V)) at a
concentration of 3.6 mg/mL were freshly prepared before administration. A dose volume
of 5 mL/kg with an equivalent dose level of 36 mg/mL (propylene glycol-based solution)
and 18 mg/kg (PEG 400 based solution) was used. Blood samples were collected through
a pre-implanted central venous catheter after 5 min, 10 min, 20 min, 30 min, 60 min, 2 h,
3 h, 4 h and 8 h. Approx. 0.25 mL blood was collected and centrifuged at 2,000 G at 4 °C
for 10 min within 60 min after collection. The supernatant was used for HPLC analysis and
quantification of CorA in plasma (Chapter 4.2). Three groups were orally treated with a
CorA solution (PEG 200) with various dose levels. Two groups were orally treated with
either spray-dried CorA-povidone ASD or spray dried CorA-copovidone ASD. The ASD
formulations were suspended in PBS 7.4 immediately prior administration. For all oral
groups the dose level was 36 mg/kg with a dosing volume of 10 mL/kg. Blood samplings
after oral administrations were set at 10 min, 20 min, 30 min, 45 min, 60 min, 2 h,3 h, 4 h
and 8 h to ideally cover the maximum plasma concentration. The handling and processing

of blood samples were the same as in the IV group.
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Table 11. Experimental groups of the PK study in rats.

Group Route Vehicle Nominal dose level
la IV: Solution Propylene glycol / 36 mg/kg
Kolliphor HS 15 / PBS pH
7.4
1b IV: Solution PEG400/PBSpH7.4 18 mg/kg
2 PO: Solution PEG 200 36 mg/kg
3 PO: Suspension in PBS pH 7.4  Povidone 36 mg/kg
4 PO: Suspension in PBSpH 7.4  Copovidone 36 mg/kg
5 PO: Solution PEG 200 500 mg/kg
6 PO: Solution PEG 200 1000 mg/kg

4.7.4 Studies for the Species Dog

The PK evaluation in dogs was conducted at Aurigon Toxicological Research Center Ltd
(ATRC, Dunakeszi, Hungary) in compliance with the Directive 210/63/EU and amendments
on the approximation of laws, regulations and administrative provisions of the Member
states regarding the protection of animals used for experimental and other scientific
purposes. A total of four beagle dogs were used for the PK study. In contrast to the mouse,
jird and rat studies, all treatments were conducted with the same animals and a six-day
washout period between every session was kept. An IV administration of CorA solution
was performed by using the vehicle propylene glycol, macrogol-15-hydroxystearate and
PBS pH 7.4 (20:4:76, (V/V/V)) at a concentration of 3 mg/mL and a dosing volume of
2.5 mL/kg with a corresponding dose level of 75 mg. Blood samples were withdrawn at
5 min, 15 min, 30 min, 45 min, 60 min, 2 h, 4 h, 8 h and 24 h. Approx. 3 mL blood was
collected via the vena cephalica antebrachii and centrifuged at 3,000 G at 4 °C for 10 min
within 60 min after collection. The supernatant was used for HPLC analysis and
guantification of CorA in plasma (Chapter 4.2). The remaining study groups received oral
formulations comprising CorA-PEG 200 solution, granulated CorA-povidone and CorA-
copovidone, each filled in enteric capsules, CorA-povidone and CorA-copovidone tablets
and a suspension of mesoporous silica in water. The solution and the suspension were
administered via an oral gavage, the capsule and tablets were administered via a

disposable plastic feeding tube (B. Braun Levin tube CH18) and disposable plastic syringe
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(B. Braun Omnifix 50 mL with catheter tip). The capsules were administered in both fasted

and fed state. The other study groups were treated in fasted state. On treatment days,

fasted animals (at least 16 h) were treated and food was distributed approx. 2 h after

treatment. For groups investigating the fed state, high-fat dog food (crude fat content:

approx. 30%) was offered approx. 1 h before the treatment. Approx. 0.5 h later, the

remaining food, if any, was taken away. The dose level for the capsules was 75 mg, for

tablets 100 mg (two tablets per administration) and for the mesoporous silica suspension

200 and 100 mg/kg, respectively. Blood sampling points were 45 min, 60 min, 1.25 h,

1.5h,2h,3h,4h,8hand 24 h. The handling and processing of blood samples were the

same as in the IV group. Table 12 summarizes the study groups.

Table 12. Experimental groups of the PK study in Beagle dogs.

Group Route Vehicle Nominal Pentagastrin
dose level pre-treatment
1 PO: Solution PEG 200 75 mg No
2 PO: Enteric Capsule Povidone, fasted 75 mg Yes
PO: Enteric Capsule Copovidone, fasted 75 mg Yes
4 PO: Enteric Capsule Povidone, fed 75 mg Yes
5 PO: Enteric Capsule Copovidone, fed 75 mg Yes
6 PO: Suspension Mesoporous silica, 200 mg/kg No
fasted
7 PO: Suspension Mesoporous silica, 100 mg/kg No
fasted
8 PO: Sustained release Povidone / HPMC, 100 mg Yes
Tablet fasted
9 PO: Sustained release Povidone / HPMC, 100 mg Yes
Tablet fasted
10 IV: Solution Propylene glycol / 75 mg No
Kolliphor HS 15 /
PBS pH 7.4

4.8 Preclinical Toxicology Investigation of CorA

Part of the preclinical investigation of CorA was a toxicologic evaluation. Rats and dogs

were chosen as a rodent and a non-rodent species. For both, respective dose levels were

derived from preliminary maximum tolerated dose (MTD) studies. The present 7-day
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studies represent an exploratory approach guiding the dose finding for the Good
Laboratory Practice (GLP) toxicology study. The studies were conducted at the Aurigon
Toxicological Research Center Ltd (ATRC, Dunakeszi, Hungary) in compliance with the
Directive 210/63/EU and amendments on the approximation of laws, regulations and
administrative provisions of the Member states regarding the protection of animals used
for experimental and other scientific purposes. Beside toxicological findings, e.g., clinical
signs or clinical chemistry parameters, a toxicokinetic evaluation was performed. As
toxicological studies require high dose levels, it is important to assess PK in order to
connect potential side effects to drug exposure or maximum plasma concentration. Thus,
on day 1 of the toxicological study plasma samples were withdrawn for a toxicokinetic

evaluation. The study durations were seven treatment days.

4.8.1 Toxicology Study in Rats

The rats (Wistar) were housed in cages with three animals per cage and after
catheterization individually. The cages were placed in a humidity and temperature-
controlled room with an artificial light/dark cycle of 12 h. Food (rodent diet food) and tab
water were delivered ad libitum. A total of 50 animals (25 males and 25 females) were
treated within the studies. The animals were divided into three dosing groups (vehicle
control, low dose: 250 mg/kg and high dose: 1000 mg/kg), while in the low and high dose
groups 10 animals were investigated in terms of toxicology and 8 animals for toxicokinetic,
respectively. PEG 200 solution was used as oral toxicology vehicle at concentrations of 50
and 200 mg/mL and a dosing volume of 5 mL/kg. The vehicle control group assessed
potential effects caused by the vehicle. Blood samples of the toxicokinetic groups were
withdrawn after 15 min, 30 min, 60 min, 2 h, 4 h following an alternating sampling
schedule. Each rat was bled four times. Approx. 0.25 mL blood was collected via the lateral
tail vein and centrifuged at 2,000 G at 4 °C for 10 min within 60 min after collection. If
necessary, samples were temporarily stored in an ice-water bath. The supernatant was

used for HPLC analysis and quantification of CorA in plasma.

Viability and mortality were examined twice a day. Once signs of toxicity were noted,
animals were isolated and observed more frequently. From the outside perceptible
observations were focused on soft feces, coat, posture, breathing and excessive chewing

or drinking.
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4.8.3 Toxicology Study in Dogs

The dogs (Marshall Beagles) were housed in humidity and temperature-controlled rooms
with an artificial light/dark cycle of 12 h. Food (SQC diet for dogs) and tab water (as for
human consumption) were offered ad libitum. On treatment days, fasted animals (at least
16 h) were treated and food was distributed approx. 2 h after treatment. A total of 16
dogs (eight males and eight females) were treated within the studies, which were divided
into four dosing groups (vehicle control, low-dose: 150 mg/kg, middle-dose: 450 mg/kg
and high-dose: 750 mg/kg). Each treatment group was composed of two male and two
female animals. The animals were treated with the CorA-silica formulation (Chapter
4.3.5), which was suspended immediately before administration in a 1%- NATROSOL®
solution. For each group the administration volume was 8 mL/kg and the suspension was
administered via an oral gavage. For the vehicle control group, the amount of silica
correlated to the high-dose group of 750 mg/kg. This means that the dogs were treated
with 750 mg/kg silica, e.g., a 6 kg dog received 4,500 mg silica per administration. At the
first day of the toxicology study blood samples were withdrawn after 0.5 h, 1 h, 2 h, 4 h,
6 h, 8 h and 24 h for the toxicokinetic evaluation. Approx. 3 mL blood was collected via
the vena cephalica antebrachii and centrifuged at 3,000 G at 4 °C for 10 min within 60 min
after collection. If necessary, samples were temporarily stored in an ice-water bath. The

supernatant was used for HPLC analysis and quantification of CorA in plasma.

During the treatment days clinical observations were carried out at least once a day with
special regard to behavior, skin and coat, urine and fecal excretion, lymph nodes,
mucous membranes, eyes, oral cavity and any signs of illness. In addition, body weights

and food consumption were recorded daily as an indication of physical impairment.

4.9 In Silico PK Predictions of CorA
4.9.1 Input Data Source

Data describing the physicochemical properties and the physiological conditions such as
ADMET properties of CorA were obtained from in vitro studies and from estimates
predicted from the ADMET Predictor software (AP) (version 10.4, Simulations Plus, Inc.,
Lancaster, CA, USA). For in silico predictions, the chemical structure of CorA was built

using the incorporated MedChem Designer and integrated to the software. A number of
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physicochemical properties of CorA, including molecular weight, pKa, logP and pH

dependent solubility have been previously published [108,109].

4.9.2 Physiologically based PK modeling

Plasma concentration-time profiles for CorA formulations were simulated using the PBPK
modeling software GastroPlus™ (versions 9.8.3, Simulations Plus, Inc., Lancaster, CA,
USA). Data describing the physicochemical properties and the physiology of the
investigated species were obtained from in vitro studies and from predictions from the
AP. Prediction errors (PE) for the PK parameter Cmaxan AUCo-inf were calculated using Eq. 5

[128].

observed value—predicted value .

%PE =

100 (5)

observed value

4.9.2.1 Preclinical Mouse model

First simulations in the preclinical species mouse were based on an immediate-release
suspension as the dosage form. In the following, dissolution results were incorporated to
the model via Weibull parameters calculated from the monophasic dissolution setup

(Chapter 4.5.3). The percentage of released dose is described in Eq. 6 [124].
(-5)
%Dose Released = Max <1 —e A > (6)

where Max = maximum of released API, T = time lag, b = shape factor of the curve and A
= time scale. For PBPK modelling, the observed PK data of oral administration of ASD
formulations administered as an aqueous suspension were used from PK studies in mice.
The IV data provided the elimination and distribution kinetics of CorA. Fed state was
assumed due to the free food access of the mice. A detailed summary of the input

parameters is provided in the Results and Discussion part.

4.9.2.2 Physiologically based Biopharmaceutic Model

The physiologically based biopharmaceutic model (PBBM) was built using the
physicochemical and biopharmaceutical properties of CorA, measured in vitro or
predicted in silico, combined with data obtained from the literature. Validation of the
PBBM based on preclinical in vivo data. The obtained cross species model was used for a

transfer to human with the aim to predict human PK performance and to estimate the
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efficacious dose. As this bottom-up approach displayed a consecutive model building
using input parameters resulting from in vitro, in silico and in vivo experiments, a detailed
summary and description of the model is provided in the Results and Discussion part

[129].

4.10 Cell Culture Experiments with Regard to the Active Efflux of CorA
Interactions with efflux transporters were studied in collaboration with the working
groups of Professor Wiese and Professor Lamprecht. Sahel Vahdati performed the cell

culture experiments and was responsible for data curation and visualization.

For the in vitro investigation of the interaction of CorA with potential transporter, present
in the human gut membrane, P-glycoprotein (P-gp) and the breast cancer resistance
protein (BCRP) were investigated. MDCK |l parental and the transfected cell lines which
overexpress P-gp (MDCK Il MDR1) or BCRP (MDCK Il BCRP) were used. The cells were a
generous gift from Dr. A. Schinkel (The Netherlands Cancer Institute, Amsterdam, The
Netherlands). The cells were cultured and kept in Dulbecco’s Modified Eagle’s Medium
enriched with 10% fetal bovine serum, 2 nM L-glutamine, 50 ug/mL streptomycin and
50 U/mL penicillin G. The cells were stored in a humidified incubator at 37 °C exposed
with 5% CO.. After the cells reached a confluence of approximately 90% sub-culturing was
performed by detaching the cells by the addition of 0.05% Trypsin and 0.02% EDTA. After
centrifugation (4 min at 266 G and 4 °C) the supernatant was removed and the cell pellet
was re-suspended in fresh medium. The cells were washed twice with PBS and then
counted using a CASY1 model TT equipped with a 150 um capillary (Schaerfe System

GmbH, Reutlingen, Germany).

4.11.1 Investigation of Active Transport via P-GP and BCRP

To identify potential active intestinal transport CorA was exposed to MDCK Il parental,
MDCK Il MDR1 and MDCK Il BCRP cells. The amount of accumulated CorA in the single
cells was determined. The cells were prepared as described in Chapter 4.10 and
suspended at a final cell density of 250,000 cells/mL together with CorA at different
concentrations (0.25, 0.5, 0.75 and 1 uM). Incubation was performed for 1 h at 37 °C and
5% CO,. After reaching the intra- and extracellular concentration equilibrium, single cell

fluorescence was measured on the Red/V channel using a Guava easyCyte 8HT flow
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cytometer. Differences in fluorescence intensities of parental and overexpressing cells
indicated potential efflux of CorA resulting in different amounts of accumulated CorA.

Conversely, similar fluorescence intensities indicated no interaction.

4.11.2 Investigation of the Interaction with the P-gp Inhibitor HOECHST 33342

A potential interaction with a well-known P-gp inhibitor was investigated. Therefore,
HOECHST 33342 as a fluorescent substrate of P-gp showing an increase in fluorescent
intensity when bound to DNA or embedded in a lipophilic environment like the cell
membrane [130]. The effect of CorA on the transport of Hoechst 33342 was investigated
using MDCK Il MDR1 cells by treating two different CorA concentrations (3.16 and 10 uM)
together with varying concentrations of HOECHST 33342 (1, 1.5 and 2 uM). Control
experiments were conducted by assessing the transport of HOECHST t 33342 in the
absence of CorA. The fluorescence was measured with a POLARstar microplate reader
(BMG Labtech, Offenburg, Germany) in constant 1 min intervals up to 60 min, at an
excitation/emission of 355/460 nm. The association kinetic of interaction between
Hoechst 33342 and P-gp with and without CorA was analyzed using a one-phase
association fit (data were analyzed using GraphPad Prism, version 8.0, San Diego, CA,

USA).

4.11 Statistics

Mean values, standard deviations (SD) and the median values with interquartile ranges
were calculated using Microsoft Excel® (Microsoft Office Professional Plus 2019,
Microsoft®, Redmond, WA, USA). GraphPad Prism (Version 8.02; GrapPad Software,
Boston, MA, USA) was used for statistical models by applying a one-way analysis of

variance (ANOVA) with a significance level of a = 0.05.
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5. Formulation Development and Characterization of Solid Oral

Drug Products of CorA

Antibiotics often lack sufficient oral BA, resulting in low plasma levels and concentrations
at the target site below the minimal inhibitory concentration (MIC) that is required to
deplete the respective pathogens. However, PO administration is the intended route of
administration for CorA in humans as parenteral administrations in the outpatient setting
are linked with higher effort for physicians and lower patient compliance, especially in the
Wolbachia-threatened sub-Saharan regions. Nevertheless, in 2019, 43% (175 projects) of
novel antibiotics in the pipeline were formulated for parenteral use and only 10% (41
projects) for oral use [101,131,132]. To develop suitable formulations for the API CorA, a
comprehensive analysis and understanding of the factors contributing to CorA absorption
and BA, as neat CorA and in different formulations, were, therefore, of utmost
importance. Krome et al. already established the ASD formulation principle to be a
promising approach to overcome stability, solubility and handling issues of CorA
[108,109]. Spray drying was established for manufacturing of the ASDs and enabled first
in vitro formulation experiments and in vivo PD and PK studies. Even though, handling
properties of neat CorA were immensely improved, the particles still lack in flowability
due to typical small particle sizes resulting from the small-scale spray drying process. For
CorA these particles represented intermediates, suitable for preclinical investigations,
however, further downstream processes were required to provide appropriate

candidates for clinical studies in human and a potential regulatory approval.

Drug release kinetics influence the PK characteristics. While immediate release cause
higher and shorter plasma concentrations, a sustained release kinetic aims to decrease
Cmax and prolong the time of therapeutic relevant concentration. Reasons for sustained
release include: A short API t1/2, the need for maintaining the effective dose at the target
site over a period of time or the need to avoid high peak concentrations that may lead to
toxic effects. If an effect is attributed to high peak concentrations, an immediate release
would be rather beneficial. For CorA it has been assumed that the longer the
concentration is kept above the MIC, the more successful the anti-infective effect of CorA.

Although, early clinical phase studies focusing on PK and tolerability, establishing a
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potentially sustained release formulation might accelerate the future clinical

development.

The following work focused on the downstream processes of the spray dried particles to
develop candidates for solid oral drug products. Due to limited drug substance amount,
processes were implemented using acetaminophen as model API. The goal was to provide
both, immediate and sustained release dosage forms as options for initial clinical studies.
As tablets and capsules are the most common solid oral drug products, these two options

were considered.

5.1 Results and Discussion

5.1.1 Influence of Particle Size Distribution on Processability — Spray Dried Intermediates

After spray drying both ASD intermediates showed small particle sizes resulting in a
median (dsp) of 12.65 um for CorA-povidone and 10.83 um for CorA-copovidone.
Comparing both ASD particles, either the dso, as well as, the finest (dip) and coarsest (dgp)
parts of the distribution were in the same range resulting in a narrow distribution (span
of approx. 1). Due to the fine particles the intermediates exhibited poor powder flow,
impeding further processing into capsules or direct tablet compression. However, small
particle sizes suggest faster dissolution rates caused by increased surfaces [29,30]. These
intermediates allowed in vitro experiments and in vivo oral PK and efficacy studies in mice,
jirds and rats. In terms of solid oral drug products, the spray dried products served as
starting point for further downstream processes to improve flowability by increasing the

particle size which allows the manufacturing of tablets or capsules.
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Figure 7. Particle size distribution of the spray dried ASDs. A) CorA-povidone; B) CorA-copovidone.

Table 13. Percentiles (dso, dio and dgg) of the spray dried ASDs determined after particle size
distribution assessment. A) CorA-povidone; B) CorA-copovidone.

Formulation dso (um) dio (um) dgo (um) Span
CorA-povidone 12.65 7.93 21.03 1.04
CorA-copovidone 10.83 6.84 17.48 0.98
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5.1.2 Residual Solvent after the Spray-Drying Process— Gas Chromatography

Ethanol is classified as a solvent with low toxic potential resulting in a ICH concentration
limit of 5000 ppm [112]. GC measurements were performed to confirm compliance with
this limit and to examine the drying efficiency. After the spray drying process, a
subsequent drying step was established (24 h at room temperature under vacuum) to
remove residual solvent as far as possible. The measurements demonstrated that both
formulations were far below the limit of 5000 ppm showing 244 ppm for CorA-povidone
and 178 ppm for CorA-copovidone. Consequently, the spray drying process was able to

generate products that fulfil the ICH guidelines and requirements for the final drug

product.
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Figure 8. Results of residual solvents determination of the ASDs after spray drying; n=3
(mean £ SD).

5.1.3 Morphology of the Spray-Dried CorA-ASDs - Microscopy

Scanning electron micrographs (SEM) (Figure 9) were taken to get insights into particle
morphology and to verify the particle sizes of the intermediates measured by laser diffraction. The
spray dried CorA-povidone showed different shapes, spherical, as well as, collapsed particles. In
contrast, CorA-copovidone showed solely spherical particles. For both, diameters of the measured
dso of approx. 10 um were confirmed, tending to form agglomerates. In general, the particle
morphology is able to influence flow characteristics and surface area that is an important factor
for the dissolution rate [133,134]. Even though, drug release is expected to be influenced by
several parameters the more irregular surface of the CorA-povidone indicated a higher dissolution
rate compared to the spherical CorA-copovidone particles. Approx. two-fold higher intrinsic

dissolution rates were determined for neat povidone compared to neat copovidone by Chen et al.
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(povidone (K30): 15.8 mg/min/cm?; copovidone: 8.1 mg/min/cm?) [135]. Likewise, the faster
intrinsic dissolution rate of povidone led to faster dissolution rates of spray dried ASDs comprising
the API ketoconazole with a drug load of 20% resulting in 11.8 mg/min/cm? of ketoconazole in a
povidone-based ASD and 6.8 mg/min/cm? in a copovidone-based ASD [135]. These results
supported the hypotheses made for CorA-ASDs.
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Figure 9. SEM images of spray dried ASD particles. A, a: CorA-povidone; B, b: CorA-copovidone.

5.1.4 Provision of CorA Solid Drug Product Prototypes

Dose estimates are critical challenges during preclinical investigations [136,137]. Body
surface conversion tables are established for a first assumption of equivalent dose levels
[112]. For CorA, the conversion of an efficacies dose of 30 mg/kg in jirds resulted in an
estimated dose of 7.3 mg/kg for the species dog. As dogs were the intended species for
an initial PK study for the oral drug products and typically have a body weight up to 10 kg,
the targeted absolute dose was set at 75 mg (corresponding to 7.5 mg/kg for 10 kg beagle
dog) of CorA. Preliminary studies with acetaminophen as “dummy” drug were performed
due to limited availability of CorA drug substance. It was chosen as comparable

characteristics to CorA in Tg could be demonstrated (Figure 10) and the dissolution

51



5. Formulation Development and Characterization of Solid Oral Drug Products of CorA

kinetics were not solubility limited. The aim was to set manufacturing parameters without
consuming valuable grams of drug substance. Thus, the spray dried dummy-ASD with the
polymer povidone was granulated via dry granulation in accordance to the method
described in 4.3.2, classified into sieve fractions and manually filled into HPMC capsules,
size 0, until the respective maximum was achieved. Figure 11 shows dissolution profiles
of the different particle sizes and Table 14 summarizes the maximum quantity fillable in

a capsule size 0, dependent on the respective particle size.
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Figure 10. Comparison between the Tgs of spray dried CorA-povidone and acetaminophen-
povidone investigating the drug loads 20% and 30%.
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Figure 11. USP Il dissolution of different sieve fraction of acetaminophen-povidone ASD in
phosphate buffer (0.05 M) pH 6.8; drug load 20%; dissolution volume: 900 mL, paddle speed
75 RPM, 37 °C.
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Table 14. Maximum amount of ASD that can be filled into a capsule size 0, dependent on the
particle size. The corresponding CorA quantity was calculated based on an ASD drug load of 20%.

Particle size (um) Capsule content Corresponding CorA amount
+ SD (mg) + SD (mg)
x > 1000 um 429.3 (13.9) 85.9 (2.8)
1000 pm > x > 500 pm 446.3 (11.8) 89.3 (2.4)
500 pum > x >250 um 449.7 (9.0) 90.0 (1.8)
250 um > x > 125 pm 411.3 (2.9) 82.3(0.6)
125 pum > x > 45 pm 288.4 (14.7) 57.7 (2.9)
X <45um 217.9 (18.6) 43.6 (3.7)

Particle sizes < 125 um were not suitable to reach the required dose of 75 mg within one
capsule size 0. By exceeding the particle size of 125 um, the bulk density increased to such
an extent that the targeted dose level could be achieved. Moreover, powder flowability
is affected by particle properties, such as particle size [138]. In principle, the larger the
particle, the better the flow, relevant for tableting processes. Regarding the dissolution
rate, the profiles (Figure 11) demonstrated that the smaller the particle size the faster the
dissolution rate. Consequently, the sieve fraction of 250 um > x > 125 um was selected as
it showed a fast dissolution and resulted in a high enough bulk density to enable the
required absolute dose of 75 mg CorA in one capsule. Moreover, the increase in particle
size of the spray dried intermediates led to improved flow properties, which allowed
easier manual capsule filling, as well as, the option for a subsequent tableting process.
Manual granulation and sieving resulted in a dsp of 237.41 um, a dgo of 403.87 um and a
dio of 132.24. Laser diffractometry (Figure 12) demonstrated a bimodal distribution with

a small fine fraction > 50 um indicating a successful granulation and sieving process.
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Figure 12. Particle size distribution of the spray dried acetaminophen-povidone ASD of the sieve
fraction 125-250 pum.

To verify the results observed with the dummy formulation, capsules were produced
comprising CorA-povidone-ASD instead of acetaminophen-ASD. The ASD candidate CorA-
povidone was investigated regarding the dissolution performance. To this end, the
granulated CorA-ASD was filled into a standard HPMC capsule, as well as, in enteric
capsules. The enteric capsules were chosen as an option to eliminate potential acid
induced isomerization in the acidic environment present in the stomach. The dissolutions
for both capsule types were performed at a constant pH of 6.8 (Figure 13A). In addition,
for the enteric capsule a setup was performed starting at pH 1 (0.1 N HCI) followed by a
pH-shift to pH 6.8 after 30 min by adding Mcllvaine buffer concentrate (Figure 13B)
[83,122].
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Figure 13. USP Il dissolution of capsule formulation of acetaminophen-povidone ASD (m) and
enteric capsule formulation of CorA-povidone ASD (m). A: Medium: phosphate buffer (0.05 M) pH
6.8; dose: 75 mg; dissolution volume: 500 mL, paddle speed 75 RPM, temperature: 37 °C. B:
Medium: 0.1 N HCI (0-30 min), citrate-phosphate buffer pH 6.8 (30-180 min); dose: 75 mg;
dissolution volume: 500 mL, paddle speed 75 RPM, temperature: 37 °C.

Despite higher solubility of acetaminophen compared to CorA the dissolution kinetics of
both ASDs were comparable indicating enhanced dissolution properties for the CorA-ASD
(Figure 13A). The dissolution experiment with a pH-shift (Figure 13B) indicated the same
kinetics, delayed by a corresponding lag time. During the first 30 min (pH 1) no CorA was
released confirming a successful enteric effect of the capsules. After the pH-shift to pH
6.8 a fast disintegration of the capsule and fast dissolution process of CorA were observed.

No increased isomerization was detected using enteric capsules.

By using this “dummy” approach, it was possible to investigate the dissolution properties
as well as developing manufacturing parameters for CorA-ASDs. Thus, a rational resource

saving development approach was found consuming less than 1 g drug substance.

5.1.5 Selection of a Suitable Sustained Release Approach for Oral Administration of CorA

HPMC based matrix tablets were used as sustained release principle. No further excipients
were used to keep the drug load of the tablets as high as possible. Tablet size and
geometry were specified as 12x8 mm biconcave with a cup radius of 10.4°, acceptable for
administration in dogs. Release profiles were tested in a USP Il apparatus at pH 6.8,
assuming no solubility limitation, as has been already demonstrated for the capsule
formulations. The initial dissolution rate was observed to be similar between CorA-

povidone and CorA-copovidone based tablets. During the dissolution experiment (7.5 h)
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a constant dissolution rate, following a zero-order kinetic, was obtained for CorA-
povidone achieving a Cmax of 84% (corresponding to 0.084 mg/mL). The initial linear
increase of CorA-copovidone decreased after approx. 2 h rather close to a first-order
release kinetic. Despite no zero-order kinetics were obtained, a slower dissolution rate
compared to capsules indicated its sustained release potential. The difference between
the two tablets was the fraction of HPMC in the tablet as the HPMC quantity of CorA-
povidone was 20% and for CorA-copovidone 10%. However, the percolation threshold for
HPMC is reported to be 20% (w/w) [139]. This means, below this concentration, the
system is not likely to form a fully coherent gel layer that is responsible for release control.
Due to this failure the drug would be predominantly released by erosion. The lower
amount of HPMC for CorA-copovidone was selected, as preliminary studies suggested a
too slow dissolution using 20% of HPMC. Thus, the HPMC amount was below the
percolation threshold which resulted in the first order dissolution kinetic. Nevertheless, it
was possible to extend the dissolution process to 7.5 h. In contrast, the HPMC amount of
the CorA-povidone tablet (20%) was high enough to fulfill the percolation threshold

confirmed by the observed dissolution profile.
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Figure 14. USP Il dissolution of CorA-povidone/HPMC (m) and CorA-copovidone/HPMC (m) in
phosphate buffer (0.05 M) pH 6.8; drug load: CorA-povidone/HPMC 18%, CorA-copovidone/HPMC
16%; dose: 50 mg, dissolution volume: 500 mL, paddle speed 75 RPM, 37 °C. The black line
represents the zero-order kinetic fit for CorA-povidone/HPMC and the grey line represents the
first-order kinetic fit for CorA-copovidone/HPMC.

5.1.6 Influence of Intestinal pH and Bile Salts - Biorelevant Solubility of CorA and CorA-
ASD Formulations

The pH-dependent solubility of CorA was recently published [108]. Dissolution
experiments indicated a solubility improvement by using the ASD formulation principle.
To assess the extent of improvement the solubilities of neat CorA and CorA-ASD
formulations were investigated in biorelevant media such as FaSSIFV2, FeSSIF-V2, FaSSIF-
V2-mouse and FeSSIF-V2-mouse media (Table 15). These two setups were chosen to
identify potential species-specific differences regarding solubility as different pH-profiles
are present in mice and humans. Since no appropriate test media mimicking the
gastrointestinal conditions of mice are described in literature, human FaSSIF-V2 and
FeSSIF-V2 were adjusted to the reported mouse pH in a fed state similar to the procedure
applied by the GastroPlus PBPK software. Sampling points were chosen to determine the
initial solubility after 2 min in comparison with the solubility after the small intestinal

transit (human: 4 h; mouse: 1 h). In both media representing the human gut conditions
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(Table 15A and B), the initial dissolved amount of the CorA-ASD formulations (CorA-
povidone: 1.09/1.06 mg/mL; CorA-copovidone: 0.96/0.67 mg/mL) were significantly
higher (CorA-povidone: p < 0.0001; CorA-copovidone: p < 0.0001) than those of neat CorA
(0.00/0.00 mg/mL) confirming the fast dissolution rate of the ASDs. The low initial value
for neat CorA can be explained by the waxy consistency of CorA that leads to a low surface
area and therefore, to a slow dissolution rate. No significant difference was detected
between the ASD formulations in FaSSIF-V2 (p = 0.8876). However, in case of the
simulated fed state, CorA-povidone exhibited a significantly higher amount dissolved after
2 min (p < 0.0001). Moreover, the ASD formulations achieved high solubility values of
CorA-povidone: 1.24/0.94 mg/mL and CorA-copovidone: 1.40/0.93 mg/mL for at least 4 h.
Despite at least a 10-fold increase of the solubility compared to the pH-dependent
solubility, e.g., 0.091 mg/mL at pH 6.5, the ASDs were able to keep the CorA in solution.
The biorelevant solubilities for CorA-ASD formulations were also measured in FaSSIF-V2-
mouse and FeSSIF-V2-mouse media (Table 15C and D). While for both media the solubility
enhancements of the ASD-formulations were demonstrated (CorA-povidone: p < 0.0001;
CorA-copovidone: p < 0.0001) the solubility in FaSSIF-V2-mouse media showed lower
values after 2 min (CorA-povidone: 0.11 mg/mL; CorA-copovidone: 0.09 mg/mL) when
compared with the FeSSIF-V2-mouse (CorA-povidone: 0.66 mg/mL; CorA-copovidone:
0.45 mg/mL). No dissolved CorA was detected for neat CorA. In FaSSIF-V2-mouse media,
a lower concentration for CorA-povidone (0.07 mg/mL) was observed after 1 h, whereas
for CorA-copovidone the solubility further increased (0.19 mg/mL). In the FeSSIF-V2-
mouse no significant differences were detected after 1 h for either formulation (p =
0.3080), indicating no precipitation. For neat CorA, the concentrations after 2 hand 1 h
were £0.02 mg/mL. Differences between human and mouse media were attributed to the
lower pH for the mouse setup. Since the pH conditions in the gastrointestinal tract (GIT)
of mice differ drastically from those in humans, the solubilities determined in the mouse
setup were used as input parameters for the PBPK modelling of the CorA-ASD

formulations in mice.

Interestingly, the biorelevant solubilities of the ASD formulations exceeding the reported
pH-dependent solubilities significantly (0.091 ug/mL at pH 6.5). As the solid state of neat

CorA is amorphous, the amorphous solubility of CorA-ASDs should not deviate. It was
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assumed that the high particle surface area of the spray dried ASD formulations leads to
fast dissolving. Lee et al. demonstrated that the dissolution rate is relevant for the extent
of supersaturation [60] Moreover, the presence of respective polymer may interact with
the dissolved CorA forming liquid colloidal structures [74] and prevent precipitation to
amorphous CorA particles for at least 4 h. Further experiments are required to confirm
this hypothesis.

Table 15. Solubilities of neat CorA, CorA-povidone and CorA-copovidone ASD formulations over
4 hand 1 h, respectively. A: FaSSIF-V2 medium, pH 6.5; B: FeSSIF-V2, pH 5.8; C: FaSSIF-V2-mouse

medium pH 5.2. D: FeSSIF-V2-mouse medium, pH 4.8. n = 3 (mean % SD).

(A) FaSSIF-V2 pH 6.5
(human)

Solubility after 2 min
(mg/mL)

Solubility after 4 h
(mg/mL)

Neat CorA
CorA-povidone

CorA-copovidone

0.00 (+0.00)
1.09 (+0.18)
0.96 (+0.28)

0.25 (+0.06)
1.24 (+0.04)
1.40 (+0.14)

(B) FeSSIF-V2 pH 5.8
(human)

Solubility after 2 min
(mg/mL)

Solubility after 4 h
(mg/mL)

Neat CorA
CorA-povidone

CorA-copovidone

0.00 (+0.00)
1.06 (£0.02)
0.67 (+0.09)

0.26 (+0.01)
0.94 (+0.07)
0.93 (+0.05)

(C) FaSSIF-V2-Mouse
pH 5.2

Solubility after 2 min
(mg/mL)

Solubility after 1 h
(mg/mL)

Neat CorA
CorA-povidone

CorA-copovidone

0.00 (+0.00)
0.12 (+0.01)
0.09 (+0.01)

0.01 (+0.01)
0.07 (+0.01)
0.19 (+0.01)

(D) FeSSIF-V2-Mouse
pH 4.8

Solubility after 2 min
(mg/mL)

Solubility after 1 h
(mg/mL)

Neat CorA
CorA-povidone

CorA-copovidone

0.00 (+0.00)
0.66 (+0.05)
0.45 (+0.09)

0.02 (+0.01)
0.54 (+0.01)
0.44 (+0.08)
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5.2 Summary

The downstream process of the spray dried intermediates was successfully implemented.
A resource saving approach for the development of solid oral drug products was
established by using acetaminophen as a model drug. Hence, it was possible to provide
an enteric capsule formulation and a sustained release tablet formulation as promising
prototypes for FIH trials. The spray dried ASDs and the solid oral drug products were
planned to be further investigated in preclinical in vivo studies and are presented in the
following chapters. In addition, differences in biorelevant solubilities were observed
indicating a species dependent dissolution process in the respective GITs. Enhanced
biorelevant solubilities of the ASD formulations suggested good in vivo performances in

preclinical species and human.
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6. Stability Investigation of Solid Oral Drug Products of CorA

From a regulatory perspective, stability testing of new drug substances and drug products
is required for registration and is defined by guidelines [127]. The general aim of this
guideline is to shed light on the influence of various factors, such as temperature and
humidity and how re-test periods for the shelf life of the drug product must be defined.
This should result in appropriate storage conditions to guarantee sufficient physical,
chemical, biological and microbiological attributes [127]. The focus of this work was on

the physical and chemical stability of a CorA drug product.

The development of a solid oral drug product of CorA is facing the isomerization tendency
of CorA. Unfortunately, the efficacy of CorA-isomers was found to be inferior to the parent
structure [140]. Even though, no toxic effects were expected regarding CorA isomers, a
sufficient and reliable efficacy can only be guaranteed with an appropriate CorA content.
According to this, the stability enhanced ASD formulations were investigated in a
12 months stability study. As the enteric capsule formulation is a promising option to be
used in a FIH clinical study, these formulations were evaluated regarding CorA content
(HPLC-DAD; up to 12 months), physical stability (DSC and Karl-Fischer-titration; up to
6 months) and dissolution performance (USP Il and biphasic dissolution; up to 6 months)
in order to determine storage conditions required for a sufficient shelf life after

manufacturing until the start of a clinical study.

6.1 Results and Discussion

6.1.1 CorA Quantity

In terms of drug substance, batch purity was defined with 90%-95% as the lower
acceptance level. The start value of the stability study was set to 100% independent on
the batch purity. Previous studies revealed that the isomerization of CorA is favored in
presence of oxygen and increased temperatures [108]. Instead of air, nitrogen was used
as inert gas for storage. Additionally, desiccant was used to prevent water sorption. By
storing the capsules at 5 °C, which represents refrigerator storage, the CorA content
remained at 98 + 4% for CorA-povidone and at 95 * 5% for CorA-copovidone after
12 months. This indicated a shelf life of at least 12 months (t90% > 12 months) for storage

at 5 °C. According to the guideline, the final shelf life will be specified on future real time
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data obtained from at least three primary batches of the final drug product [127]. Based
on these real time data the shelf life might be prolonged if an extrapolation of the real
time data is justified by results of testing under accelerated conditions, goodness of
mathematical fit, batch size, etc. [127]. However, increased isomerization predominantly
towards CorC was observed at higher temperatures. At 25 °C, the acceptance criteria of
90% was undercut between 6 and 12 months. For CorA-povidone 92 + 2% and for CorA-
copovidone 91 + 2% were determined after 6 months. A storage up to 12 months further
decreased the value to 77 £ 10% for CorA-povidone and 69 + 6% for CorA-copovidone.
Consequently, only 6 months could be guaranteed when the capsules were stored at
25 °C. This tendency continued at 30 °C, as the t90% was not able to reach 6 months
(CorA-povidone: 86 + 3%; CorA-copovidone: 89 + 1%). At least, after 3 months at 30 °C,
values of 97 + 2% for CorA-povidone and 98 + 1% for CorA-copovidone could be observed.
These results demonstrated that isomerization was catalyzed with increasing
temperatures. To guarantee an adequate CorA stability during a potential phase 1 study
using the capsule formulation described herein, a storage in refrigerator (5 °C) is
recommended. Despite the demonstrated limitations, it has to be outlined that the ASD
formulation principle using the polymers povidone and copovidone is a promising
approach regarding stability enhancement. Previous studies showed that only 39% of
CorA could be detected after 3 months when stored as drug substance under nitrogen at
25 °C. A hypothesis regarding an interaction between CorA and polymer has been
proposed [108]. The amid structure, present for both polymers, may interact with the
partially positively charged carbocation via Debye forces and therefore, suppress the
intramolecular isomerization. Besides, the low Tg of neat CorA (5 °C) indicated molecular
mobility at storage temperatures > 5 °C [63]. By increasing the Tg using the polymers
povidone and copovidone a reduced molecular mobility, i.e. kinetic stabilization occurred.
As CorA-povidone with a Tg of approx. 114 °C showed slightly improved stabilities,
especially at 25 and 30 °C compared to CorA-copovidone with a T of approx. 82 °C, the
kinetic stabilization mechanism is further supported. Providing such stability enhanced
formulations was an important milestone during preclinical development. However, the
stability of CorA formulations needs to be further improved to simplify supply chains and
handling of the drug product for the patient and to enable a successful future market

entry.
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Figure 15. Stability analysis using HPLC-DAD of the capsule formulation CorA-povidone and CorA-
copovidone stored in closed Twist Off vials at A: 5 °C, B: 25 °C and C: 30 °C under nitrogen (n=3,

mean + SD).
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6.1.2 Phase-Phase Separation During Storage

DSC experiments were performed to examine the Tg of the CorA-ASD formulations. Any
changes of the Ty potentially based on phase-phase separations leading to physical
instability. Re-crystallinity was excluded a priori due to the permanent amorphous states
of the polymers and CorA. No significant differences were observed (p > 0.9999) within
6 months of storage independent on storage temperature, indicating a physical stable
ASD formulation for both, CorA-povidone and CorA-copovidone. For all DSC
measurements, neither additional Tgs nor melting points were detected. In sum, the solid

state of both CorA-ASD formulation did not alter, confirming their physical stability.
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Figure 16. Examples of DSC thermograms of neat CorA (permission to use the data was kindly
granted by Krome et al. [108]) and CorA-ASD granules after manufacturing.
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Figure 17. Stability analysis using DSC experiments of the capsule formulation CorA-povidone and
CorA-copovidone stored in closed Twist Off vials at A: 5 °C, B: 25 °C and C: 30 °C under nitrogen
(n=3, mean £ SD). Approx. 5-7 mg of the capsule contents were withdrawn for DSC analysis.

6.1.3 Water Content

The used polymers tend to have strong (povidone) or moderate (copovidone)
hygroscopicity [141]. Furthermore, it is known, that moisture can induce amorphous-
amorphous phase separation as moisture might act as a plasticizer. The capsules were
stored under nitrogen and desiccant, so that residual moisture was able to be absorbed
by the desiccant. As expected, CorA-povidone showed a high-water content of 7.9% after
manufacturing, while a lower value of 4.9% for CorA-copovidone was determined. For
both ASDs, the water content decreased, pronounced at higher temperatures. Despite no
change in solid-states were detected in DSC measurements (Chapter 6.1.2),
hygroscopicity needs to be considered in manufacturing processes, e.g., by ensuring
constant low room humidity conditions and airtight packaging to ensure content

uniformity of the final drug products.
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Figure 18. Analysis of the water content using Karl Fischer titration. The capsule formulation CorA-
povidone and CorA-copovidone were stored in closed Twist Off vials at A: 5 °C, B: 25 °C and C:
30 °Cunder nitrogen (n=3, mean x SD). Approx. 20-30 mg of the capsule contents were withdrawn
for Karl Fischer titration.

6.1.4 Influence on Dissolution Performances

6.1.4.1 USP II

The capsules were investigated in a USP Il dissolution apparatus at pH 6.8 (500 mL of
0.05 M phosphate buffer). After approx. 15 min both capsules disintegrated followed by
a fast dissolution for both formulations. A complete dissolution was achieved for CorA-
povidone, corresponding to 0.15 mg/mL, within 60 min. In comparison, CorA-copovidone
reached approx. 90% (0.135 mg/mL) after 105 min leading to a slower and slightly lower
Cmax Value. As the particle sizes of the granules were comparable after the granulation
process, wettability seemed to be a crucial factor for the dissolution rate. Verma and
Rudraraju demonstrated increased wetting kinetics and dissolution rates for povidone
compared to copovidone [142]. Thus, differences of the ASDs dissolution performances
may be caused by the different wetting properties of the polymers [143,144]. The storage

at 5 °C, 25 °Cand 30 °C for 3 and 6 months did not alter the dissolution rates for both ASD
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formulations. Likewise, the maximum dissolved CorA amount was unaltered during the
stability study indicating consistent dissolution performances independent of storage

temperatures. Overall, a consistent quality of the dissolution performances was

demonstrated.
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Figure 19. Stability analysis using USP Il dissolution of the capsule formulation CorA-povidone and
CorA-copovidone stored in closed Twist Off vials at A: 5 °C, B: 25 °C and C: 30 °C under nitrogen
(n=3, mean % SD). Experimental conditions were set at: Dose: 75 mg; Volume: 500 mL 0.05 M
phosphate buffer (pH 6.8); Paddle speed: 75 RPM; Temperature: 37 °C; Sinker: Basket.

6.1.4.2 BiPHa+

As an additional assessment, the stability in terms of biorelevant dissolution was
investigated using the BiPHa+ apparatus. For this, a total of 50 mg CorA-ASD granulate
(corresponding to 10 mg CorA) of the capsule content were withdrawn and tested.
Comparing the dissolution during the first 30 min (pH 1) the faster dissolution rate and
higher amount of dissolved drug of the CorA-povidone ASD observed in USP Il
experiments were confirmed in this setup. CorA-povidone reached approx. 50%

(0.1 mg/mL), whereas for CorA-copovidone approx. 10% (0.02 mg/mL) were dissolved.
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After 30 min the pH was shifted to pH 5.5 accompanied by an increase in dissolved CorA
(CorA-povidone: 78%; CorA-copovidone: 39%). The simultaneously added organic phase
(1-decanol) initiated the partitioning of the CorA resulting in 73% for CorA-povidone and
59% for CorA-copovidone by the end of the dissolution after 270 min in the absorption
phase (1-decanol). These results indicated a better dissolution performance of CorA-
povidone and thus, a higher intestinal absorption. Nevertheless, also CorA-copovidone
showed good results in terms of biphasic dissolution and displayed a valuable option for

future clinical trials.
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Figure 20. Stability analysis using The BiPHa+-biphasic dissolution. The capsule formulation CorA-
povidone (A, C and E) and CorA-copovidone (B, D and F) were stored in closed Twist Off vials at A,
B:5°C;C, D:25°CandE, F: 30 °C under nitrogen (n=3, mean % SD). A total of 50 mg of the capsule
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contents were withdrawn for dissolution experiments.

Regarding the stability, slight interexperimental variations were assumed to be
independent from storage conditions. In sum, the results did not indicate any physical
instability affecting the biphasic dissolution performances. Using the BiPHa+ dissolution

setup, a second dissolution approach confirmed that both CorA-ASDs were promising

candidates for a stable dissolution performance.
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6.2 Summary

The ASD formulation principal, comprising the polymers povidone and copovidone was
found to markedly suppress the intramolecular isomerization of CorA. Moreover, the
quality of the oral drug product (enteric capsule) was confirmed for at least 6 months at
25 °C. This included the physical state of the ASDs and dissolution properties in a USP Il
and biorelevant biphasic dissolution setup. Since both polymers exhibit hygroscopic
properties, the results suggested manufacturing under dry air environment, as well as,
moisture-resistant packaging. Even though, the identified stability enhancement of CorA
was a resounding achievement, further optimization is required for the future to enable
a successful drug product commercialization. However, for an initial FIH study, the capsule

formulations were demonstrated to have adequate stability.
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7. In Vitro Biorelevant Dissolution

Biorelevant dissolution has been brought into focus in the recent decade to gain the
understanding of the in vivo relevant relationships regarding dissolution, supersaturation,
precipitation, redissolution and absorption. In particular, pH-dependent soluble
compounds are potentially affected by the pH-profile present in the GIT. As for most drug
candidates the aim is a human application, recent in vitro approaches were investigated
focusing the human gastrointestinal conditions. However, in preclinical PD and PK
evaluations rodent- (e.g., mouse and rat) and non-rodent species (e.g., dog and monkey)
are the typically investigated species. Differences in pH-profile, transit time and bile salt
composition (Table 16) are able to affect dynamic processes like dissolution,
supersaturation and precipitation and thus, the absorption and BA. In case of the weak
acid CorA, rather acidic conditions, as it can be found in the mouse GIT, were assumed to
hamper the dissolution rate and extent. In contrast, higher pH-values in the rat and dog
GIT are beneficial regarding the solubility of CorA and a higher and faster dissolution was
assumed. However, a lack of appropriate in vitro dissolution setups, especially for mice,
led to unprecise interpretation of preclinical PK results which could have resulted in over-

or underestimations of formulation candidates.

Biorelevant bile salt concentrations of the various species are summarized in detail in the
method chapter (Table 5 - 8) and the respective concentrations were considered in the
biorelevant dissolution assay.

Table 16. Gastrointestinal pH conditions and small intestinal transit times present in the species

mouse (fed), rat (fasted), dog (fasted) and human (fasted). The values are based on the
information provided by the PBPK modelling software GastroPlus.

Species pH stomach Transit time (h) pH small Transit time (h)
stomach intestine small intestine

Mouse (fed) 3.0 0.32 4.8-49 0.98

Rat (fasted) 3.9 0.25 59-6.1 1.81

Dog (fasted) 3.0 0.25 6.2-6.7 1.82

Human (fasted) 1.3 0.25 6.0-6.9 3.25
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The aim of this work was to adjust the established BiPHa+ apparatus to preclinical relevant
species to examine the dissolution performances of CorA and CorA-ASDs. The influence
on dissolution and absorption characteristics of the species-specific pH-profiles, GIT

transit times and bile salt concentrations were investigated.

7.1 Results and Discussion

7.1.1 Biphasic Dissolution Adjusted to Intestinal Mouse Conditions

The dissolution performances of neat CorA, CorA-povidone-ASD and CorA-copovidone-
ASD were examined using the biphasic dissolution tool BiPHa+ combined with biorelevant
media and a mouse-specific pH-shift. For the species mouse, fed state was assumed due
to the free food access of the animals during preclinical investigations. For the CorA-ASD
formulations the spray dried intermediates were used, similar to the in vivo PK study in
BALB/c mice (Chapter 8.1.1). Poor dissolution was observed for neat CorA reaching < 1%
in the agueous phase during the first 20 min at pH 3.0, while after the pH-shift to pH 4.8
a maximum of 2% after 80 min was observed (Figure 21). Consequently, the partitioning
into the organic phase was limited due to the low amount of CorA dissolved in the
aqueous phase reaching only 4% partitioning after 80 min, the end of the experiment. By
using the ASD formulation approach in vitro biphasic dissolution exhibited enhanced
dissolution performances. However, differences between the formulations were
observed in the stomach compartment at pH 3.0 showing an aqueous concentration for
the CorA-povidone dissolution of 76%, which was maintained after the pH shift to pH 4.8.
With the addition of the organic phase after 20 min, the partitioning of dissolved CorA
started and led to a decreased concentration in the aqueous phase by reaching an
equilibrium at approx. 55% within 30 min. In comparison, the aqueous concentration of
the CorA-copovidone dissolution resulted in 11% after 20 min and maintained this level
until the end of the experiment. As only dissolved APl in the aqueous phase was available
for partitioning into the organic phase, CorA-povidone reached 34% of partitioned CorA
after 80 min whereas for CorA-copovidone only 13% was observed. As the aqueous
phases showed constant concentrations, the partitioned amount was continuously
replaced by undissolved CorA-ASD. The results clearly demonstrated the dissolution
improvements evoked by the ASD formulation principle. Nevertheless, the partitioning of

CorA-povidone was 3-fold higher than the partitioning of CorA-copovidone, which was
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not to be observed in USP Il or BiPHa+ experiments performed under human GIT
conditions. This clearly demonstrated, that formulation differences regarding dissolution

can already be investigated using this setup in early preclinical phases.
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Figure 21. Biphasic dissolution experiment under gastrointestinal conditions in mice; neat CorA
(o; solid line), CorA-povidone (0; dashed line) and CorA-copovidone (A; dotted line). n=3 (mean
+SD).

7.1.2 Biphasic Dissolution Adjusted to Intestinal Rat Conditions

For PK evaluations, the species rat has often been used in the past. In contrast to mice,
rats are favored, because of its ease of handling, amount of blood and number of time
sampling points, as well as, robustness. Moreover, the body weight of rats is low requiring
still small amounts of compound, advantageous for early preclinical studies. The spray
dried CorA-ASDs were investigated in a PK study in rats (Chapter 8.1.3). Accordingly, the
biphasic dissolution, tailored to rats, were used to predict the dissolution/absorption
performance. The setup based on published media mimicking the conditions observable
in the GIT of rats [125]. To provide a partitioning sink, an organic phase was added similar
to mouse and human biphasic setup. However, pH-profile, transit times and bile salt
concentrations, clearly differed from the setup used for the other species. The first 30 min
were performed at pH 2.4 resulting in an aqueous dissolution of 62% for CorA-povidone

and 25% for CorA-copovidone (Figure 22). Similar to the mouse setup, the dissolution for
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CorA-povidone was higher at low pH compared to CorA-copovidone. Nevertheless, the
lower pH of 2.4 decreased the dissolved amount for CorA-povidone. In contrast, CorA-
copovidone showed higher dissolution compared to the mouse setup. Yet, at pH 2.4 for
the first 30 min, CorA-copovidone exhibited a 2-fold increased dissolution compared to
the mouse setup. The presence of bile salts in the rat setup might have been responsible
for the observed pronounced solubilization and faster dissolution. After 30 min the pH
increased to pH 7.5 followed by a concentration increase to 98% for CorA-povidone and
66% for CorA-copovidone. The addition of the organic phase initiated the partitioning of
dissolved CorA. Despite different aqueous dissolution profiles, both ASD formulations
showed comparable partitioning profiles resulting in 64% after 138 min for both
formulations indicating that the partitioning rate has reached a maximum at a certain
concentration. Hence, the higher aqueous concentration was not able to further increase
the partitioning rate. This indicated that CorA absorption is limited by permeability rather
than dissolution. In essence, due to the acidic characteristics of CorA, the conditions in
rats were beneficial for the aqueous dissolution in comparison to the low pH present in
mouse intestine. In contrast to the mouse results, no differences in the partitioning
guantity of the ASD formulations were observed indicating comparable absorption and

thus, similar BAs.
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Figure 22. Biphasic dissolution experiment under gastrointestinal conditions in rats; CorA-
povidone (0; dashed line) and CorA-copovidone (A; dotted line). n=3 (mean * SD).

7.1.3 Biphasic Dissolution Adjusted to Intestinal Dog Conditions

A preliminary in vitro study was performed investigating the CorA-povidone capsule
formulation. For PK trials in dogs, a pretreatment with pentagastrin is well established,
that leads to a stomach pH decrease to a value similar to that of humans [145]. This
enabled a reproducible pH profile throughout the GIT that mimics the human profile. The
first 30 min of the biphasic dissolution started with 50 mL of 0.1 N HCI, corresponding to
pH 1. In accordance to the PK study in dogs (Chapter 8.1.4), enteric capsules were
assessed via in vitro dissolution and the investigated formulations were weighed into
enteric capsules (size 0). After 30 min the medium was replaced by dog specific
biorelevant media using a commercially available biorelevant buffer concentrate
(biorelevant.com). The enteric function of the capsule prevented dissolution for the first
30 min. This circumstance allowed a replacement of the dissolution medium. By replacing
the medium, which was accompanied by a pH shift to pH 7.5, the disintegration of the
capsule started subsequently. Simultaneously, the organic phase was added and covered
the aqueous phase. In the aqueous phase the dissolution of CorA-povidone achieved 76%.
At the same time, partitioning took place reaching 59% by the end of the experiment.

During the same time, the concentration in the aqueous phase decreased to 35%.
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Considering, that in both phases together almost the total amount of CorA was dissolved
in either the aqueous or the organic phase, the partitioning rate seemed to reach a
maximum similar to the rat setup. In comparison to rats, the bile salt concentrations in
dogs are lower, however, similar partitioning profiles were observed under consideration
of the lag time accompanied by the disintegration of the capsules. This suggested that
dissolution and absorption of the CorA-ASDs was dependent on pH rather than on bile

salt concentration.
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Figure 23. Biphasic dissolution experiment under gastrointestinal conditions in dogs; CorA-
povidone (0; dashed line) n=3 (mean % SD).

7.2 Summary

Selecting promising formulation principles during the preclinical development phase is a
great challenge for pharmaceutical scientists. However, the physiology conditions in
preclinical species differ in terms of pH-profile, transit times and bile salts. In case of the
weak acid CorA, especially the pH markedly influenced drug dissolution and thus,
absorption. Providing appropriate in vitro dissolutions supported the selection of
formulation candidates, as well as, the interpretation of in vivo PK results. For CorA,
different dissolution performances of the ASD formulations were observed in the mouse

biphasic dissolution setup, while for another species, rat, these differences were not
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observed. It was assumed that the poorer wettability of CorA-copovidone, especially at
low pH values, led to a slower and poorer aqueous dissolution resulting in lower
partitioning into the organic phase. These setups revealed, that this effect was more
pronounced at the lower pH-values present in mouse GIT. At higher pH (rat and dog small
intestine setup: pH 7.5) this effect was observed to have less influence on the aqueous
dissolution and finally on the partitioning profiles. Moreover, the determined dissolution
data in biorelevant media enabled dissolution as the decisive mechanism governing the
oral BA of CorA and CorA formulations to be deduced. Hence, the presented setups
demonstrated their preclinical relevance, thus providing a material-saving method to
optimize the oral treatment of preclinical species and select promising formulation
principles even in early preclinical studies. Future investigations comprising compounds
with different physicochemical properties, such as weak bases, need to be investigated to
further assess the suitability of the species-specific biphasic setups. By relating the in vitro
examined results with jn vivo determined PK results the predictive power regarding the
biphasic dissolution can be evaluated and enhance the confidence for the prediction in
human. The integration of dissolution data into the PBPK model potentially enable

predictions of plasma concentrations (Chapter 10).
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8. PK Evaluations of CorA Formulations

An important aspect for preclinical investigations is the in vivo evaluation to get insights
to ADMET properties of the compound and its formulations. A desired PD effect is
accompanied with sufficient drug concentration at the target site. Formulation
evaluations in different species are crucial to identify the most promising representatives

for clinical studies.

The formulation preselection based on in vitro experiments, such as dissolution and
stability trials [108,109]. The aim of the preclinical in vivo studies was to confirm the
suitability of the formulation candidates and to get a comprehensive overview of CorA
and CorA formulation performances. As CorA exhibited poor solubility, poor handling and
isomerization tendency, formulation development took place early in the preclinical
phase. Limited drug supply and the fact, that BALB/c mice represented the efficacy model,
led to the use of mice for initial PK evaluations of neat CorA and the solid ASD
formulations, administered as the spray dried intermediates suspended in water or PBS
media. Preliminary in vitro studies revealed CorA-povidone and CorA-copovidone to be
the most promising candidates in terms of dissolution and stability enhancement [108].
Further PK experiments were performed in jirds, representing a second efficacy model of
CorA. Moreover, CorA and spray-dried CorA ASDs were tested in rats, a further rodent PK
model with different physiological conditions. Finally, solid oral drug products of CorA
(capsules and tablets) were tested in dogs, to evaluate potential candidates for a clinical
phase | study. These results were used for a cross-species PBPK-model, which is described
in this work in Chapter 10. A food effect was investigated first in mice using a high fat
suspension medium and later in dogs providing a high caloric dog food, administered prior
to the treatment. In addition, the intended toxicological vehicles for the exploratory
toxicology studies in rats and dogs were tested in the respective species to determine

their PK profile.

8.1 Results and Discussion
The following results are illustrated as median + IQR. Individual animal profiles and

corresponding PK parameters are presented in the Appendix.

79



8. PK Evaluations of CorA Formulations

8.1.1 PK Evaluation of CorA and CorA-ASD Principles in Mice

Plasma profiles after IV administration of neat CorA dissolved in propylene glycol,
Kolliphor HS 15 and PBS pH 7.4 (20/20/60; V/V/V), and PO administered neat CorA and
CorA-ASD-formulations in BALB/c mice (n=4 per group), suspended in water, and
associated PK parameters were generated (Figure 24 and Table 17). The IV administration
allowed the calculation of the abs. BA (Eq. 4) of PO administrations and yielded 3% for
neat CorA, 33% for CorA-povidone and 10% for CorA-copovidone, administered as
suspension in water. A later tmax Wwas determined for neat CorA (1 h) compared to the ASD
formulations (15 min for CorA-povidone and 30 min for CorA-copovidone). Neat CorA
exhibited a Cmax of 0.9 pug/mL, while for CorA-povidone 33.2 ug/mL and for CorA-
copovidone 5.0 ug/mL were achieved. The terminal half-life (ti2) for all groups ranged
from 2.38 h to 3.73 h indicating a fast elimination. The oral administration of neat CorA
showed the lowest plasma concentrations resulting in poor Cmayx, late tmax and poor BA. By
achieving only 3% of BA, the need for a solubility and dissolution enhancing formulation
approach to enable a sufficient therapeutic effect was clearly demonstrated. Both
formulations demonstrated their potential to increase the PK profiles accompanied with
improved Cmax and BA. Interestingly, the low tmax values indicated a fast dissolution and
absorption process. Already after 45 min the elimination dominated, while the absorption
rapidly stopped. As a result, the plasma concentrations dropped below 1 pg/mL after 8 h.
Recent PD studies indicated that a therapeutic effect would be dependent on a long-term
concentration at the target site. The PK profiles revealed that a repeated administration,
e.g., three times a day will be beneficial in terms of in vivo efficacy. Indeed, differences
between both ASD formulations were detected showing an approx. three-fold higher BA
for CorA-povidone. These results confirmed the observations obtained during the species
adjusted biphasic dissolution, i.e., the pH dependent dissolution seemed to be the rate
limiting step for drug absorption in mice. Accordingly, higher BAs were expected by using
PBS pH 7.4 as administration medium for the ASD suspensions to create an environment
with a higher pH. As the solubility rapidly increases with an increasing pH, it was assumed
that this administration further increases the dissolution rate and concentration and thus,

the absorption and BA.
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Figure 24. CorA plasma concentration time profiles in BALB/c mice: A: IV administration of a CorA-
solution (36 mg/kg) (permission to use the data was kindly granted by Krome et al. [108]); B: PO
administration of neat CorA (m), CorA-povidone (e®) and CorA-copovidone (A) (36 mg/kg),
administered as aqueous suspension in female BALB/c mice (median * IQR, n=4 per group).
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Table 17. PK parameters of CorA and CorA formulations after IV administration of a CorA-solution
(36 mg/kg) and PO administration of the solid neat CorA and the CorA-ASD formulations CorA-
povidone and CorA copovidone suspended in water (36 mg/kg) in female BALB/c mice
(median £ IQR, n=4 per group).

AUC.inf per
AUCO-inf mg/kg dose cmax tmax t1/2 BA
*h/mL mL) (min h %
(/ML) e rdose) (HE/MD (min) (B} (%)
127.7 119.6
Reference of 3.5
(110.2- (103.7- 5* 3.30 100**
CorA — IV# (3.1-4.1)
149.0) 136.7)
4.5 0.1 0.9 60
Neat CorA 3.38 3
(3.8-7.4) (0.1-0.2) (0.6-1.1) (53-90)
41.9 33.2
CorA- 1.2 15
. (39.6- (30.3- 2.38 33
povidone (1.1-1.3) (10-15)
46.5) 37.9)
13.4
CorA- 0.4 5.0 30
. (11.4- 3.73 10
copovidone 17.4) (0.3-0.5) (3.0-7.4) (30-38)

* First measured value; ** IV result median set to 100%; # [108].

The assumptions were confirmed as for all administrations (neat CorA and CorA-ASDs)
both Cmax and AUCo.ins were improved (Figure 25 and Table 18). In addition, the
administration in PBS led to an earlier tmax, especially for the ASDs, confirming the fast
dissolution rate. Overall, BAs were increased approx. two-fold compared to an
administration in water. The differences between both ASD formulations were consistent
to the water administration as this also demonstrated three-fold improvements in Cmax
and BA. In sum, both ASD formulations improved Cmax and BA compared to neat CorA,
demonstrating promising results for an ASD based solid oral drug product as higher
intestinal pH-values are present in the preclinical species rat and dog, as well as, in

humans.
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Figure 25. CorA plasma concentration time profiles in BALB/c mice. PO administration of neat
CorA (m), CorA-povidone (@) (permission to use the data was kindly granted by Krome et al. [108])
and CorA-copovidone ( A ) (36 mg/kg), administered as suspension in PBS pH 7.4 in female BALB/c
mice (median £ IQR, n=4 per group).

Table 18. PK parameters of CorA and CorA formulations after PO administration of solid neat CorA
and CorA-ASD formulations CorA-povidone and CorA copovidone suspended in PBS pH 7.4
(36 mg/kg) in female BALB/c mice (median £ IQR, n=4 per group). The permission to use the data
of CorA-povidone was kindly granted by Krome et al. [108].

AUCo.inf per
AUCO-inf mg/kg dose cmax tmax t1/2 BA
*h/mL mL min h %
(HE*H/ML) et rdose) (HEML (min) — (h) (%)
15.7 0.4 33 30
Neat CorA 3.98 12.5
(9.8-15.1) (0.4-0.5) (3.0-3.5) (45-60)
72.7 65.3 10
CorA- 2.0
. (70.4- (61.8- (10- 3.89 58
povidone* (2.0-2.1)
76.7) 70.7) 11.25)
24.9 23.7
CorA- 0.7 10
. (20.7- (20.0- 3.50 20
copovidone (0.6-0.9) (5-15)
31.3) 29.8)

#1[108].
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The high logP of CorA (5.4) suggests a positive food effect. To assess a potential food effect
for CorA, BALB/c mice were treated with CorA-ASDs suspended in corn oil. As no
experimental settings are feasible where mice are actively fed with a high caloric meal,
corn oil was chosen as suspension medium (Figure 26 and Table 19). In comparison to the
water-based suspension media, pronouncedly decreased Cmax values were obtained
(CorA-povidone: 8.7 ug/mL and CorA-copovidone: 3.7 ug/mL). A notably prolonged
plasma profile was observed resulting in late tmax values of 180 min for CorA-povidone and
60 min for CorA-copovidone indicating a prolonged GIT transit. While Crmax Was decreased
by the administration in corn oil, the exposures were in a comparable range compared to
the suspension administration in water (AUCo.int: CorA-povidone: 39.8 ug*h/mL; CorA-
copovidone: 20.2 ug*h/mL). Thereby, BA of 31% for CorA-povidone and 16% for CorA-
copovidone could be achieved. Since neither a positive nor a negative effect could be
observed in terms of exposure, CorA was assumed to dissolve, but remained in the fatty
oil. The long-lasting plasma profile indicated that CorA was absorbed constantly for at

least 3 h caused by prolonged transit and the reservoir function of the fatty oil phase.
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Figure 26. CorA plasma concentration time profiles in BALB/c mice. PO administration of CorA-
povidone (®) and CorA-copovidone (A) (36 mg/kg), administered as suspension in corn oil in
female BALB/c mice (median * IQR, n=4 per group).
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Table 19. PK parameters of CorA formulations after PO administration of CorA-ASD formulations
CorA-povidone and CorA copovidone suspended in corn oil (36 mg/kg) in female BALB/c mice
(median £ IQR, n=4 per group).

AUCo.inf per

AUCo.inf mg/kg dose Cinax tmax t1/2 BA
*h/mL mL min h %
(ng*h/mL) (ug*h*kg/dose) (ng/mL)  (min) (h) (%)
39.8 8.7 180
CorA- 1.1
. (32.3- (7.3- (150- 1.9 31
povidone (0.9-1.6)
57.7) 10.4) 180)
20.2 60
CorA- 0.6 3.7
. (13.2- (46.2- 2.9 16
copovidone (0.4-0.9) (2.8-5.4)
32.1) 180)

8.1.2 PK Evaluation of CorA-povidone at Two Different Dose Levels in Jirds

The Litomosoides sigmodontis infection model is established as an efficacy model to
investigate drug candidates against filariasis. Mongolian gerbils (jirds) enabled studies
focusing on long-term effects of an anti-filarial therapy, e.g., macrofilaricidal activity [100].
Since an oral application is the intended route of administration, CorA-povidone was
tested using this efficacy model. The administration medium was PBS pH 7.4 to obtain
highest possible concentrations. CorA-copovidone was excluded since data from mice
suggested lower exposure and thus a less successful treatment. The PK profiles of two
different doses (30 and 60 mg/kg) were examined. For both dose strengths, tmax was
detected at 30 min. Considering interindividual variability, Cmax and AUCq.inf increased in a
dose-dependent manner reaching 24.9 ug/mL (Cmax) and 119.1 pg*h/mL (AUCo.inf) for
30 mg/mL and 66.8 pg/mL (Cmax) and 278.0 pug*h/mL (AUCo.inf) for 60 mg/mL. Higher dose
normalized exposures (AUCo-inf per mg/kg dose: 30 mg/kg: 4.0; 60 mg/kg: 4.6) compared
to mouse (AUCo.int per mg/kg dose: 2.0) were observed. In contrast to the PK study in mice,
lower Cmax values were achieved, however, the apparent elimination rate after reaching
Cmax Was smaller, suggesting further dissolution and absorption. Overall, using the
dissolution and BA enhanced oral formulation CorA-povidone, a successful treatment was
observed for the tested doses 30 and 60 mg/mL (PD data not shown). Thus, the oral
administration provided a valuable alternative for a long-term efficacy study compared to
intraperitoneal administration. At the same time oral administration represents the more

relevant application way in terms of clinical trials.
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Figure 27. CorA plasma concentration time profiles in Mongolian gerbils (jirds). PO administration
of CorA-povidone with the doses 30 mg/kg (®) and 60 mg/kg (A ) administered as suspension in
PBS pH 7.4 in female jirds (median £ IQR, n=4 per group).

Table 20. PK parameters after PO administration of CorA-povidone with the doses 30 mg/kg and
60 mg/kg in Mongolian gerbils (jirds) (median + IQR, n=4 per group).

AUCq.inf per
AUCO-inf mg/kg dose cmax tmax t1/2 BA
*h/mL mL min h %
(HEW/ML) ot rd0sey BE/MY (min) () (%)
30
119.1 4.0 24.9
30 mg/mL (26.3- 3.9 n.a.
(61.2-189.5) (2.0-6.3) (18.2-30.4)
30.0)
278.0 66.8
4.6 30
60 mg/mL (202.4- (52.4- 3.3 n.a.
(3.4-6.4) (30-30)
381.9) 104.2)

8.1.3 Comparison of CorA-Solution and CorA-ASD Formulations after Oral Administration
in Rats

The well tolerated IV vehicle propylene glycol, Kolliphor HS 15 and PBS pH 7.4
(20/20/60; V/V/V), successfully tested in mice, caused severe symptoms in Wistar rats, so
that the treated rats had to be euthanized for animal welfare reasons. Thereby, an

alternative vehicle was established with PEG 400/PBS 7.4 (60/40, V/V). However, due to

86



8. PK Evaluations of CorA Formulations

solubility limitations, the dose had to be reduced to 18 mg/kg. For BA calculations of the
oral treated groups, the exposure was dose normalized. Since poor in vitro and in vivo
performances in mice have been demonstrated for neat CorA, this administration was not
performed in this study. Instead, a CorA PEG 200 solution was investigated as it was the
intended toxicological vehicle for rats. In addition, an oral solution served as a comparison
for ASD formulations as the absence of dissolution process suggests a rapid absorption
[146]. The ASD candidates CorA-povidone and CorA-copovidone were administered as

suspension in PBS pH 7.4. The ti1/2 was 3.11 h which was comparable to the value in mice
(3.3 h). In general, all oral groups achieved high plasma concentrations with > 60 pg/mL

at tmax of 90-120 min (Figure 28), later than observed in mice. The profiles indicated that
absorption still occurred after reaching Cmax. This led to high exposures for all groups
resulting in calculated BAs > 100%. Reasons for these calculated values can be explained
by several reasons: The calculation was based on the IV group treated with half the dose
and the results potentially suggested a non-dose linearity in this dose range. In addition,
the small group size carried a risk for artifacts, which was also reflected in high
interindividual variabilities. Even though, the reason for BAs above 100% could not be
clearly identified, the data indicated high intestinal dissolution in the case of ASDs and
high absorption in general. In contrast to mice, the CorA-copovidone formulation
demonstrated higher Cmax and AUC compared to CorA-povidone accompanied with a later
tmax for CorA-povidone. However, no significant differences regarding Cmax and AUC
(p>0.9) were observed indicating comparable performances of both ASD formulations.
Similar results were obtained when comparing CorA-solution and CorA-ASDs, with no
significant differences found (p > 0.9). The plasma profile of the CorA-solution suggested
a fast absorption of the dissolved CorA until 0.5 h reaching a first plateau. As the dissolved
CorA likely exceeded its solubility limit at the acidic stomach pH, precipitation potentially
occurred. The second maximum after 2 h can potentially be explained by redissolving of
the precipitate by entering the intestinal part with a higher pH. This phenomenon was not
identified for the ASD formulations indicating the dissolution rate to be the relevant part
for absorption and precipitation was less pronounced. Overall, the rat PK results were
promising results regarding the BA of the CorA-ASD formulation candidates and

differences among each other were less pronounced as determined in mice
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demonstrating species specific performances. Tolerability and sufficient exposure of

CorA-PEG 200 were confirmed to be suitable for toxicological studies in rats.
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Figure 28. CorA plasma concentration time profiles in Wistar rats. A: IV administration of a CorA-
solution (18 mg/kg); B: PO administration of CorA-povidone (®) and CorA-copovidone (A)
(36 mg/kg), administered as suspension in PBS 7.4 and a CorA-PEG 200 solution (V) (36 mg/kg)
in female Wistar rats (median = IQR, n=4 per group).
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Table 21. PK parameters of CorA formulations after IV administration of a CorA-solution
(18 mg/kg) and PO administration of CorA-ASD formulations CorA-povidone and CorA copovidone
suspended in PBS pH 7.4 (36 mg/kg) and a CorA-PEG 200 solution (36 mg/kg) in female BALB/c
mice (median  IQR, n=4 per group).

AUC.inf per
AUCO-inf mg/kg dose cmax tmax t1/2 BA
*h/mL mL min h %
(ng*h/mL) (ug*h*kg/dose) (ng/mL)  (min) (h) (%)
177.7 102.3 10
Reference of 9.9
(174.2- (101.0- (8.8- 3.11  100**
CorA—-1IV (9.7-10.1)
182.2) 102.8) 10.0)
354.1 61.0 120
CorA- 9.8
. (305.6- (56.8- (120- 2.44 102
povidone (8.5-11.2)
404.8) 69.6) 150)
466.1 106.7
CorA- 13.0 90
] (422.2- (86.1- 2.28 134
copovidone (11.7-17.2) (60-150)
619.8) 122.1)
490.4 90.9 120
CorA-PEG 13.6
. (409.8- (69.4- (120- 2.81 137
200 solution (11.4-17.0)
612.8) 118.0) 120)

** |V result median set to 100%

8.1.4 First PK Assessment of Oral Drug Product Prototypes in Dogs and Potential
Toxicology Vehicle

An IV administration allows the determination of the abs. oral BA. Due to tolerability
concerns the IV vehicle was adjusted to propylene glycol, Kolliphor HS 15, PBS 7.4
(20/4/76, V/V/V). It was able to provide a solution at a concentration of 3 mg/mL which
was administered at an abs. dose of 75 mg (Figure 29A). Low variabilities of plasma
concentrations and corresponding PK parameters, as well as, good tolerability was
observed confirming a successful administration. Groups, treated orally with capsules or
tablets, were pre-treated with pentagastrin to induce a decrease of the stomach pH
mimicking human conditions. As a delayed release approach, capsules, filled with
granulated CorA-ASD were selected. Enteric capsules were used to protect potential acid
induced isomerization (Figure 29B). Capsules represents a simple approach for the
administration of a solid dosage form. The first measured plasma concentration was

selected to be 45 min, which was associated to the lag time until the capsules disintegrate.
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Figure 29. CorA plasma concentration time profiles in fasted Beagle dogs. A: IV administration of
a CorA-solution (75 mg); B: PO administration of CorA-povidone (®) and CorA-copovidone (A)
(75 mg), administered as an enteric capsule (median £ IQR, n=4 per group).

Indeed, plasma concentrations were detectable after 45 min indicating a fast
disintegration of the capsules followed by fast dissolution and absorption. However, the
disintegration of CorA-copovidone was assumed to be slightly faster due to the higher

observed plasma levels after 45 min. Both capsules showed comparable Cmax
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(CorA-povidone: 24.4 ug/mL; CorA-copovidone: 22.3 pg/mL) and AUCo.inf (CorA-povidone:
42.9 ug*h/mL; CorA-copovidone: 51.2 ug*h/mL) (Table 22). CorA-copovidone reached
Cmax after 90 min, while for CorA-povidone a tmax of 120 min was observed. Afterwards,
the plasma levels dropped rapidly for both formulations indicating that the absorption
process ended immediately after reaching Cmax. This could be explained by the short small
intestinal transit time of the dogs [147]. In terms of BA (CorA-povidone: 34%; CorA-
copovidone: 35%) no clear “frontrunner” could be identified. Furthermore, in HPLC
investigations no pronounced isomerization towards CorA’ was identified. Thus, both
represented promising options as a delayed release formulation for a clinical phase |
study.

Table 22. PK parameters of CorA formulations after IV administration of a CorA-solution (75 mg)
and PO administration of CorA-ASD enteric capsules comprising CorA-povidone and CorA

copovidone granules (75 mg) in fasted Beagle dogs (median + IQR, n=4 per group).
AUC.inf per

AUCq.inf mg/kg dose Crmax tmax t1/2 BA
* 1 0,
(ng*h/mL) (ug*h*ke/dose) (ng/mL)  (min) (h) (%)
117.4 95.8
Recfsrrzn_clevo‘c (108.2- o ig o) (93.3- (5?5) 1.00  100**
128.0) ' ' 102.3)
24.4 120
CorA- 42.9 3.6
. (20.0- (120- 0.48 34
povidone (35.3-56.2) (3.2-4.5) 33.2) 120)
22.3 90
CorA- 51.2 4.3
: (19.1- (71.25-  1.35 35
copovidone (34.1-61.8) (3.6-4.5) 29.0) 105)

** |V result median set to 100%

Two groups received a high calory meal prior administration of the enteric capsules to
investigate a food effect (Figure 30 and Table 23). Even though, the high logP (5.4)
suggested a positive impact, lower plasma concentrations were determined (Cmax: CorA-
povidone: 8.8 ug/mL; CorA-copovidone: 3.2 pug/mL) resulting in low exposures (AUCo:inf:
CorA-povidone: 31.6 ug*h/mL; CorA-copovidone: 24.8 ug*h/mL). Higher tmax values were
observed with 4 h. In sum, the BAs were decreased to 25% (CorA-povidone) and 14%
(CorA-copovidone), indicating that absorption was not positively affected by food intake
in dogs. As in silico predictions suggested a strong beneficial food effect (Chapter 10), the
preclinical results should not be overinterpreted, and at least one investigationin a future

human study should cover the effects of food intake.

91



8. PK Evaluations of CorA Formulations

[ —
T

oo
|

Plasma concentration (ug/mL)

Time (h)

Figure 30. CorA plasma concentration time profiles in fed Beagle dogs. PO administration of CorA-
povidone (®) and CorA-copovidone (A) (75 mg), administered as an enteric capsule (median %
IQR, n=4 per group).

Table 23. PK parameters after PO administration of CorA-ASD enteric capsules comprising CorA-
povidone and CorA copovidone granules (75 mg) in fed Beagle dogs (median £ IQR, n=4 per group).

AUCo.inf per
AUCO-inf O-inf P cmax tmax t1/2 BA
(ugth/mi) | Me/kedose sl (min) () (%)
HE (ng*h*kg/dose) HE
240
C(?rA— 31.6 2.7 8.8 (210- 8.42 55
povidone (23.5-53.2) (2.4-3.9) (6.9-9.2)
300)
240
Cor.A— 24.8 1.9 3.2 (240- 1.80 14
copovidone  (15.9-29.3) (1.3-2.3) (2.1-5.1) 300)

Beside a delayed release, potential options regarding sustained release formulations were
investigated. Therefore, HPMC-based matrix tablets were administered. Even though, in
vitro dissolution studies (Chapter 5.1.5) revealed sustained release profiles of up to 8 h,
the plasma concentration time profile of CorA-povidone showed a rather immediate
release profile with a specific Cmax of 40.3 ug/mL after 75 min. Interestingly, the
interindividual exposure variability was lower compared to the capsule formulation

demonstrating consistent in vivo dissolution of the tablets. In case of CorA-copovidone,
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the profile tended to follow sustained release kinetics, resulting in a low Cmax (16.0 pg/mL)
after 135 min. The species dog is not an appropriate model for oral sustained release
dosage forms. First, the gut length and thus, the intestinal transit times are shorter
compared to human [147]. This reduces the absorption window for dissolved drug.
Second, the pressures within the GIT are reported to be higher in dogs, which is important
for dosage forms based on their structures, such as matrix based tablets [147].
Presumably, the peristaltic forces in vivo, induced a faster disintegration for the CorA-
povidone tablet and drug release [147]. However, considering the physiological
differences and demonstrated in vitro sustained release profiles, these results were
promising, as BAs were at the same level for CorA-copovidone (36%) and even higher for
CorA-povidone (51%) than for the capsules (in the fasted state). In HPLC measurements
no pronounced isomerization was detected, although acidic stomach conditions were
induced by a pentagastrin pre-treatment. Since in vitro dissolution resulted in appropriate
sustained release kinetics and adequate BAs were confirmed in vivo, sustained release
HPMC-based matrix tablets were proven to be valuable principles for controlled release

and are worthy to be tested in human clinical studies.
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Figure 31. CorA plasma concentration time profiles in fasted Beagle dogs. PO administration of
two CorA-povidone/HPMC tablets (e) and two CorA-copovidone/HPMC tablets (A ) (100 mg),
(median £ IQR, n=4 per group).

Table 24. PK parameters after PO administration of two CorA-povidone/HPMC tablets and CorA-
copovidone/HPMC tablets (100 mg) in fasted Beagle dogs (median £ IQR, n=4 per group).

AUCo,
AUCO-inf o-inf PE cmax tmax t1/2 BA
(ugth/mt)  ME/KBAOSE L iml)  (min) () (%)
(ng*h*kg/dose)
40.3 75
CorA- 87.8 5.9
. (36.4- (75- 148 51
povidone/HPMC  (83.1-91.3) (5.3-7.0) 42.5) 82.5)
16.0 135
CorA- 63.9 4.9
. (15.7-  (78.75- 7.18 36
copovidone/HPMC (56.7-70.6) (4.3-5.3) 21.4) 180)

Prior to a 7-day exploratory toxicology study, the planned vehicle PEG 200, was tested in
the PK study. Despite PEG 200 was expected to be well tolerated, discomfort (vomiting
observed in three animals) was observed upon administration of a CorA-PEG 200 solution.
Likewise, the vehicle without CorA was not tolerated by the dogs. Due to vomiting, plasma
sampling was not able to reflect Cmax, tmax and AUCo.in correctly and are not reported.

Instead, mesoporous silica, administered as an oral suspension in water, was tested within
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this PK study to evaluate the potential to be an alternative for toxicological studies
(Figure 32 and Table 25). The drug load of this formulation was 50%. Higher dose levels
(200 and 100 pg/mL) compared to the other study groups were used in accordance to a
toxicology study setup. For both, high plasma levels were rapidly achieved, while the
lower dose exhibited a Cmax of 183.1 ug/mL after 1 h. Likewise, for the higher dose
185.4 mg/mL was observed after 1.25 h and furtherincreased up to a Cmax 0f 212.1 mg/mL
after 3 h. The high concentrations were maintained for approx. 2 h, whereas the plasma
concentration dropped after reaching the Cmax for the lower dose group. A second
increase after 1.75 h indicated a continuing drug release and absorption. The fact, that for
Cmax o clear differences were detected between 200 and 100 pg/mL might be solubility
and permeability related and thus, the fast and high intestinal absorption was not able to
be increased in a dose dependent manner. In contrast, exposure was further increased
for the higher dose indicating a prolonged release and absorption process for at least 4 h.
Even though, the maximum of dissolvable drug was reached, the undissolved part
remained in the silica pores and served as a solubility improved reservoir which was able
to replace absorbed drug molecules. At the low-dose, the reservoir function was
exhausted more rapidly. In sum, despite high administered doses, high exposures and
thus, high BAs were achieved (200 mg/mL: 92%; 100 pg/mL: 59%). Despite ascending dose
levels, exposure did not decrease. This fact qualified the mesoporous silica as suitable

vehicle for toxicology studies.
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Figure 32. CorA plasma concentration time profiles in fasted Beagle dogs. PO administration of
CorA silica with the doses of 200 mg/kg (o) and 100 mg/kg (A) (100 mg), (median * IQR, n=4 per
group).

Table 25. PK parameters after PO administration of CorA-silica with the doses 200 mg/kg and
100 mg/kg in fasted Beagle dogs (median * IQR, n=4 per group).

AUCo.inf per
AUCO-inf O-inf P cmax tmax t1/2 BA
(ugth/my)  ME/KBAOSE o mb)  (min)  (h) (%)
(ng*h*kg/dose)
1888.8 212.2
CorA-silica 10.4 135
(1795.8- (202.3- 274 92
200mg/kg Y goc (9.9-11.0) 17 (90-180)
. 611.8 183.1 60
ESSA;”/I? (515.9- - SLZ 0 (145.2-  (56.25- 1.86 59
8% 726.7) e 219.5) 71.25)

8.1.5 In Vitro In Vivo Relationship

A level C in vitro-in vivo relationship was performed by correlating the end points of the
organic phase of the mouse biphasic dissolution with the BA of neat CorA and CorA-ASD
formulations (Figure 33) [148]. The resulting correlation coefficient was 0.9966
demonstrating the good predictability of CorA and CorA formulations of the mouse-

specific biphasic dissolution setup.
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Figure 33. Correlation of in vitro fraction partitioned into the organic phase after 80 min,
determined by the mouse-specific biphasic dissolution (Chapter 7.1.1), and in vivo BA of neat CorA
(m), CorA-povidone (@) and CorA-copovidone ( A ) administered as aqueous suspension in BALB/c
mice (Chapter 8.1.1).

While mouse dissolution could be successfully correlated to BA values, the BA in rats was
underestimated for both ASD formulations. However, the PK studies revealed high
interindividual variabilities regarding BA (IQR of 29% and 31%, respectively) resulting in
median BAs of > 100%. Even though, this in vivo phenomenon could not be clarified so
far, several aspects might have favoured this result. The fact that each experimental group
comprised only four animals which have not been used for multiple administrations,
certainly impaired a comparison between the administration groups. Moreover, for the
IV administration the dose had to be reduced from 36 to 18 mg/kg due to solubility limits
of CorA in the vehicle, which caused further uncertainty. At this point, the influence of
processes like saturation of metabolic processes or enterohepatic circulation, which
potentially increased oral BA could not be excluded [149]. Nevertheless, the in vitro
dissolution setup indicated that both ASD exhibit comparable in vivo performances,

despite the better aqueous dissolution of CorA-povidone.

The biphasic dog dissolution overestimated the in vivo measured median BA. Similar to

the rats, the interindividual variability of BA was high (IQR of 26%). Thus, a final cross-
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species evaluation of the predictability remains imprecise. As disintegration of the capsule
was a relevant factor for time and site of drug absorption it was assumed that this might

have caused these high variabilities.

8.2 Summary

The PK characteristics of CorA and CorA formulations were tested in several preclinical
species. By using the ASD formulation principle, it was possible to improve in vivo BA. The
differences between CorA-povidone and CorA-copovidone observed in mice were
negligible in rats and dogs. It was found that absorption depended on dissolution, which
in turn depended on pH conditions in the GIT. Acidic environment in mice limited drug
dissolution and absorption, while higher pH values in rat GIT led to improved BAs.
Availabilities of the solid oral drug products (capsule and tablet) were demonstrated in
dogs and both approaches represented promising options for clinical phase | trials. Both,
IV and PO administrations were valuable inputs for a cross-species PBPK model and are
used for the CorA PBPK model, comprehensively described in Chapter 10. In addition,
vehicles for exploratory toxicology studies were investigated in terms of BA. Both, the
PEG 200 solution for rats and the mesoporous silica suspension approach for dogs showed

high intestinal absorption and confirmed their suitability.
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9. Cell Culture Experiments with Regard to the Active Efflux of
CorA

Oral BA can be influenced by interactions with efflux transporters, such as P-gp and BCRP,
which are present in the intestinal epithelial membrane [150]. Absorbed drug molecules
can be actively transported back into the intestinal lumen reducing the fraction absorbed.
Co-administrations with other inhibitors could lead to interactions (e.g., verapamil) that
potentially increase the fraction absorbed [151]. Species differences in transporter
expression and activity, challenge the translation of data from preclinical species to
humans [152]. Instead, in vitro cell experiments are able to support the identification of
potential transporter compounds and can be integrated into PBPK models to improve

predictions for human PK.

As the AP suggested CorA to be a P-gp substrate, the aim was to detect potential
interactions, such as active transport with P-gp and BCRP or inhibition of P-gp, to detect
possible effects on intestinal absorption. Therefore, CorA was investigated using P-gp or
BCRP overexpressing cells to detect, whether CorA is influenced by these transporters.
Moreover, potential P-gp inhibition by CorA was tested by the determination of

accumulation kinetics of a well-known substrate of P-gp.

9.1 Results and Discussion

9.1.1 Influence of Active Intestinal Transport of CorA via P-gp and BCRP

For substrates of P-gp and BCRP, respectively, the ratio of accumulation of the compound
was at least over two-times higher in the parental cells, in comparison with the cells
overexpressing these efflux transporters (Figure 34). No differences were observed
between the accumulated CorA in the different cells, measured as fluorescence intensity,
for all tested concentrations (0— 1.0 uM). In case of a P-gp or BRCP substrate, respectively,
the transporters would efflux the compound resulting in lower accumulation. This efflux
is pronounced in cells overexpressing these transporters. As this effect was not visible for
CorA no active efflux of CorA was expected. Thus, there were no signs of active transport

of CorA via P-gp and BCRP influencing the intestinal absorption.
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Figure 34. Fluorescence intensities (arbitrary unit; AU) of the cells in the presence of different
CorA concentrations (0, 0.25, 0.50, 0.75 and 1.0 uM). The black bars represent the parental cells
(MDCK Il Parental), the light grey bars represent the cells with an overexpression of P-gp (MDCK Il
MDR1) and the dark grey bars represent the cells with an overexpression of BCRP (MDCK Il BCRP)
(mean £SD, n = 3).

9.1.2 Investigation of the Interaction with P-gp Inhibitors

Hoechst 33342 is a well-known substrate of P-gp interacting with the H-binding site of P-
gp (a suspected P-gp substrate binding site on the transporter) [130,153]. Therefore, the
accumulation kinetics were investigated in the absence and presence of CorA at
concentrations of 3.16 uM and 10 uM) (Figure 35). An altered kinetic profile would
indicate an inhibition by CorA. For all investigated concentrations of Hoechst 33342, the
presence of CorA did not affect the uptake as no change in kinetics was observed. The k
value (rate constant), as well as, the span (plateau-Y0) showed no changes in the samples
without and with CorA. These results confirmed that there is no interaction between CorA

and the H-binding site.
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Figure 35. Accumulation kinetics of Hoechst 33342 alone and in the presence of CorA. Three
different concentrations of Hoechst 33342 were incubated alone or together with CorA at
different concentrations. (®) no CorA, (m) CorA concentration of 3.16 uM and (A) CorA
concentration of 10 uM (mean % SD, n = 3). Lines were fitted using the one-phase association fit.

9.2 Summary

Despite the in silico prediction of CorA presenting a P-gp substrate, in vitro cell
measurements indicated no influence on intestinal absorption. A further intestinal
transporter, BCRP, was similarly excluded as influencing factor. Moreover, CorA was
excluded as inhibitor for P-gp substrates of the H-binding site, demonstrated in
accumulation assays with the P-gp substrate Hoechst 33342. Accordingly, no intestinal
transporter interactions were considered for the PBPK model (Chapter 10). Good in vitro
permeability has been reported for CorA (apparent permeability: 2.0*E™ cm/s; measured

in Caco-2 cells) and absorption was expected to be not permeability limited. [140].
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10. PBPK Modeling in Preclinical Development of CorA

Oral drug absorption is a complex interplay which can be influenced by various factors
such as disintegration, dissolution, supersaturation, precipitation, re-dissolution and drug
permeability, as well as, parallel food intake [154]. Further physiological relevant factors
such as transporters, metabolism in the gut wall and liver may affect subsequent PK
performances. Among other things, a PBPK model is able to combine drug and
formulation dependent physicochemical properties with physiological relevant conditions
to predict PK profiles in plasma and tissues. This in silico approach enabled several
opportunities of utilization: Prediction of PK behavior in human and preclinical species,
drug-drug interaction risk assessment, a better understanding of the ADME profile of drug
candidates, influence of food effects, parameter sensitivity analysis and predictions in
special populations such as pediatrics, pregnancy and different ethnicities or

bioequivalence studies [88,155,156].

Typically, the drug development of an antibiotic is a time consuming process which takes
several years from identification to the entry into phase | clinical trials [7]. In contrast, the
need for treatment options against NTDs remains high. Limited attention for this diseases
makes it all the more important to translate the knowledge gained during preclinical drug
development into novel approaches to improve public health [157]. Beside
recommendations from regulatory guidelines on the use of state-of-the-art modeling to
mitigate the risk for FIH and early clinical trials, PBPK-modeling represents a valuable
approach to combine in vitro and in vivo information to get the most out of clinical trials
[158]. Typically, the “top-down” approach uses existing clinical data to characterize
potential impact factors on PK [129]. This opportunity is obviously not applicable during
preclinical phases. At this stage, the great challenge is to estimate a successful treatment
including the required efficacious dose and dose regimen for human administration.
However, preclinical data regarding e.g., efficacy, ADMET-profile and animal-PK can be
used to build a PBPK-model from the bottom to provide a time- and cost-effective
approach for these estimates of human performances. As part of the PBPK-modeling
approach, the PBBM strategy focuses on a mechanistic understanding of in vivo drug
release, taking the formulation impact into account [159]. For CorA, currently under

preclinical investigations, this strategy was applied. Thus, a target unbound concentration
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was deduced, based on the in vitro determined MIC. The enabling oral formulations were
used for implementation to the model. Combining these information gives a rational
approach to support the following questions of which dose, which formulation and which
dose regimen is required to reach the goal of a successful treatment prior initial human
studies. Preclinical animal studies allowed extrapolations towards human regarding
physiological parameters (e.g., clearance and distribution). To improve the accuracy of a
human oral PK prediction, it was crucial to first implement and optimize a sound model

for preclinical species [160].

The aim was to build a PBPK model that predicts the PK behavior of CorA and CorA-
formulations in the preclinical species mouse, rat and dog. Hence, the goal was to
understand physiological parameters such as clearance and distribution of CorA as well as
evaluating crucial factors for oral absorption. Data describing the physicochemical
properties and the physiology of the investigated species were obtained from in vitro
studies and from estimates calculated by the AP. At early phases of the preclinic, PK
investigations were conducted in mice. In vitro biorelevant dissolutions were performed
and integrated into the PBPK model to assess the relevance of dissolution on PK. Within
preclinical investigations, further species were tested. This enabled a cross-species model
for CorA including both IV and PO administrations. The objective of this modeling strategy
was to build a PBBM allowing a FIH performance prediction. The PBBM was validated
based on the preclinical observed PK profiles in mice, rats and dogs to predict CorA
exposure in human. Furthermore, the model was used to predict free drug concentration
in tissues following the administration of formulation prototypes to define at which dose
and dose regimen the half maximal inhibitory concentration (IC50) of CorA will be
achieved and maintained for sufficient time. The IC50 represents the in vitro measured

concentration that is needed to inhibit the growths of 50% of the Wolbachia.
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10.1 Results and Discussion

10.1.1 PBPK Model — Mouse

10.1.1.1 Input Parameter

Table 26. Physicochemical, biopharmaceutical and physiological properties to perform PBPK

simulations for the species mouse.

Value/Selection

Value/Selection

| P Ref
nput Parameter User Defined Default Settings ererence
Physicochemical
Properties
Molecular weight (g/mol) 527 527 [108]
pKa 3.6 5.1 [108]
logP 5.4 [108]
Biopharmaceutic
Properties
E i tall
Caco-2 Papp (cm/s x E10) 2.0 xper|‘men a
given
E i tall
Dose Volume (mL) 0.2 xper|‘men a
given
pH at reference solubility 1
Solubility at reference pH 0.00011 [108]
(mg/mL)
Mean Precipitation Time 900 900 Default

(s)

Biorelevant in vitro
solubilities: Solubilization
Ratio

Fraction plasma unbound

2.40x10° (CorA-
povidone)
1.31x108 (CorA-
copovidone)

3.44x10° (CorA-
povidone)
3.44x10° (CorA-
copovidone)

Experimentally
given

Experimentally

0.1
(%) given
BIood/pI.asma . 0.75 0.75 Predicted by
concentration ratio AP
E i tall
Body weight mouse (kg) 0.02 0.02 xperl.men a
given
E i tall
Clearance (L/h) 0.006 xperl.men a
given
E i tall
Volume of distribution (L) 0.016 xperl.men a
given
ACAT™ Model
Parameters:
Mouse - Mouse -

Gut physiology

Physiological - Fed

Physiological - Fed
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10.1.1.2 Mouse Monophasic Dissolution

Dissolution profiles of CorA-ASD formulations with a Weibull function fit were generated
(Figure 36) according to Chapter 4.5.3. CorA-povidone showed an initial dissolution of
70% at pH 3.0 meeting an equilibrium at 65% until the end of dissolution (Table 27). At
pH 3.0 CorA-copovidone achieved 8% of dissolved drug that increased to 16% by the end
of the dissolution. Weibull-parameters, obtained by this non-sink in vitro dissolution, were

determined as input parameter for the mouse PBPK model.
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Figure 36. Monophasic dissolution experiment of CorA-povidone (®) and CorA-copovidone (A)
under biorelevant conditions. Lines represent the Weibull fit.

Table 27. Weibull parameters of CorA-povidone and CorA-copovidone, determined using the
biorelevant monophasic dissolution setup.

Weibull Parameter CorA-povidone CorA-copovidone
Maximum of released API (%) 65.43 16.78

Time lag (h) 0 0

Shape factor 3.73 0.85

Time scale (h°) 2x10* 0.47

R? 0.92 0.92
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The IV data, reported by Krome et al. [108], were used to set the elimination (hepatic
clearance) and distribution (volume of distribution) behavior and were modelled to best
fit the observed data. Physicochemical and physiological properties were generated by
the AP and replaced by in vitro results where possible. This status quo represented the
starting point for the model for the oral administration of CorA-ASD formulations. In a
first step biorelevant solubilities experimentally determined (Chapter 5.1.6), were
incorporated into the model. Figure 37A shows the results of the PBPK modeling for the
IV administration of CorA that almost perfectly matched the observed data. The PO
administration of CorA-ASD-formulations based on in vitro measured solubility, but
without the incorporation of in vitro dissolution profiles (Figure 37B). However, this model
was not able to predict the plasma concentrations adequately resulting in a Cmax
underprediction (27.44 pg/mL) for CorA-povidone, while AUCo.int (64.64 ug*h/mL) was
overpredicted. The prediction for CorA-copovidone led to an overprediction of Cmax
(20.43 pg/mL) and AUCo.inf (56.60 pg*h/mL). The models were not able to match tmax
indicating a too slow dissolution process. Moreover, the differences observed in vivo were
not predicted by the models as biorelevant solubilities of CorA-povidone and CorA-
copovidone were too close. Thus, dissolution was assumed to be a relevant factor for the
PK of CorA-ASDs. By incorporating the dissolution profiles of the monophasic dissolution,
the predictions of the models were improved in terms of Cmax and AUCo.inf (Figure 37C).
For CorA-povidone, PEs were <15% (Cmax: 1.71%; AUCo.ins: -11.31%) (Table 28). For CorA-
copovidone Cmax and AUCo.insr Were slightly overpredicted (Cmax: -16.20%; AUCo.inf: -
12.43%), which were in an acceptable range. In addition, predicted tmax matched the
observed PK-profiles for both formulations. Consequently, the integration of the
measured mouse-specific dissolution parameters enabled PBPK models showing sound
predictions for plasma concentrations of CorA-ASD formulations. A PE < 16% in mice was
considered to be successful, as predictions in mice are challenging due to difficult oral
administration and limited information about mouse physiology. These results deduced
that dissolution was the decisive factor for CorA formulation in mice, which was identified
as the rate-limiting step for absorption, even though CorA-ASD formulations showed no
solubility issues or occurrence of precipitation. Thus, the relevance of species-specific in
vitro tools was reaffirmed and provided a more comprehensive understanding of the

absorption of CorA and CorA-ASD formulations. In sum, combining appropriate in vitro
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and in silico tools can be used as a valuable option for early formulation screening to

reduce animal trials and drug substance consumptions.

[E=Y
N
o

[EEN
N
o

100
80
60 %
404

20 .

Plasma concentration (ug/mL)

N
o
]
N
o

w
o

[
o
1
[
o

Plasma concentration (ug/mL)
S
1

Plasma concentration (ug/mL)
N
o

o

Time (h) Time (h)

Figure 37. Observed and predicted plasma profiles of CorA in BALB/c mice (n = 4 per group); (A):
Dashed line represents the prediction of IV administration (B): Lines represent the prediction of
PO administration of CorA-povidone (black) and CorA-copovidone (grey), based on immediate
release; (C): Lines represent the prediction of PO administration of CorA-povidone (black) and
CorA-copovidone (grey), based on dissolution data; (o) represents observed data following the IV
administration, (®) represents observed data following PO administration of CorA-povidone and
(A) represents observed data following PO administration of CorA-copovidone, respectively.
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Table 28. Observed and predicted values of Cmax and AUCq.n of CorA-povidone and CorA-
copovidone after oral administration.

Parameters CorA-povidone
Predicted PE (%) Predicted PE (%)
Observed (w/o (w/o (w/ (w/
dissolution) dissolution) dissolution)  dissolution)
Crmr 33.24 27.43 21.18 33.80 -1.68
(ng/mL)
AUCo.inf
41.83 64.63 -54.51 46.44 -11.02
(ug*h/mL)
Parameters CorA-copovidone
Predicted PE (%) Predicted PE (%)
Observed (w/o (w/o (w/ (w/
dissolution) dissolution) dissolution)  dissolution)
Cmax 5.00 20.43 -308.60 5.80 -16.00
(ug/mL)
AUCo.inf
13.35 56.60 -323.97 15.00 -12.36
(ug*h/ml)

10.1.2 Preclinical PBBM Model
10.1.2.1 Modeling Strategy
( AP predictions MOdE' setup

In vitro physicochemical and

biological properties for neat —_—
CorA, CorA-povidone and CorA-
\_ copovidone

( In vitro dissolution: P -PSD )

3 Human predicted clearance by
CorA-povidone and CorA-

. allometry
\_ copovidone ) 4

. apfroach Mouse, rat and dog IV PK data
In vitro solubility for neat CorA, > ¢

v o .

( Oral PK profiles in rats for neat ) A M Odel va I | datlo n
CorA solutions, ASD suspensions
and dog PK profiles for DR ASD —(
capsules or prolonged release

\_ ASD tablets ) Q y

mm——— Model use

P-PSD
—
CorA IC50

G

Figure 38. Modeling strategy of PBBM model for human predictions.

The modeling strategy of the built PBBM model is summarized in Figure 38 and describes
a mechanistic procedure for a first prediction of human performance. Physicochemical

and biopharmaceutical properties measured either in vitro or predicted via the AP were
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used as input parameters to generate the base model. Preclinical IV data were used to
estimate human metabolic clearance by allometric extrapolation. CYP 2C9 was predicted
to be the major enzyme responsible for CorA metabolism. Thus, the in silico prediction of
Michaelis-Menten constant (Km) for CYP2C9 was integrated to the human model and the
corresponding Vmax Was fitted to match the hepatic clearance, predicted from allometry.
A PBPK model was applied based on the Lukacova model to calculate plasma partition
coefficients. This model is provided by the software. Further models, also provided by the
software, were tested, but did not lead to suitable predictions. For the integration of the
CorA-ASD dissolutions, the mechanistic P-PSD approach was used as proposed by Pepin
et al. [161]. In the next step, the model was validated with PK data of oral administrations
in rats and dogs. The P-PSD approach was retained for fitting the observed dissolution for
the formulations and to generate a batch specific input to the model. Subsequently the
model was applied to predict plasma concentrations following an oral administration of a
100 mg CorA-povidone capsule and tablet, respectively. Moreover, ascending dose levels
(100 — 600 mg) were predicted with two administrations per day, bis in die (BID), of the

CorA-povidone tablet in fasted and fed state, respectively.
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10.1.2.2 Input Parameters
Table 29. Input Parameters used for CorA PBBM model development.

PBPK Parameter

Value CorA

Rationale/Reference(s)

1. Physicochemical and Binding Properties

Molecular mass
(g/mol)

Type of drug
substance

Log P
pKa

Precipitation time (s)

Intrinsic solubility
(mg/mL)

FaSSIF solubility
(mg/mL)

Human blood-to-

527.66

Drug is amorphous, but its honey
like properties (neat CorA) does
not allow pharmaceutical
processing

54

3.7 (A)

Mechanistic model Lindfors
Lambda =1 pum

Sigma =0.022 J.m

Neat: 1.1E-4 (pH=1)
Povidone-ASD: 0.052 (pH=1)
Copovidone-ASD: 0.033 (pH=1)
Neat CorA: 0.25 (+0.06)
CorA-povidone: 1.24 (+0.04)
CorA-copovidone: 1.40 (+0.14)
0.75 (Mouse/Rat)

From structure

Measured [108]
Measured [108]

Measured [108]

Measured [162]

plasma ratio (Rep) 0.65 (Dog/Human) APv10.3

0.003 (Human)

0.005 (Rat)
Fu, plasma 0.013 (Dog) Measured [140]

0.001 (Mouse)
2. Absorption
ey
(Pert) (x10 cm/s) See Chapter 10.1.2.10

Default, using P-PSD for

Dissolution model Johnson each batch fitted in

10.3.1.12

3. Distribution

Full body PBPK, Lukacova method

GastroPlus default

Method

etho of K, prediction for all tissues approach
4. Metabolism
CYP2C9 Km (mg/l) 2.77 APv10.3

Fitted to an apparent

PBPK CYP2C9O V
(mg/s/mg-enz) max 0.006949 human liver clearance of

& 8 2.34 L/h
Gut CYP3A4 Vi No gut extractlop is

0 anticipated consistently

(mg/s)

with animal data
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10.1.2.3 Solubility vs pH

Due to its vinylogous carboxylic acid structure the solubility of CorA was demonstrated to
be highly pH-dependent [108]. Since dissolved CorA itself acts as an acid, the surface pH
was assumed to be lower compared to the bulk pH resulting in an altered solubility profile
of CorA. This resulted in a pH difference of 2.3 at pH 7.5 between bulk and calculated
surface pH. Calculations based on the equations proposed by Pepin et al. [161]. The
calculated surface pH was used to estimate surface solubilities for different bulk pH
conditions. Figure 39 depicts the measured bulk solubilities in comparison to the adjusted

surface pH.

e = =
o N b
] | ]

Surface pH

0 1 1 T T T 1 1
0 2 4 6 8 10 12 14

Bulk pH

Figure 39. Surface pH vs bulk pH for CorA.

As low intrinsic solubility of CorA was determined (0.11 pg/mL at pH 1) no differences in
surface solubility was assumed at pH < 4. Thus, calculated surface solubilities were equal
to the measured ones. At pH values close to the pKa an acid base reaction takes place

following Eq. 7 in accordance to the monovalent acidic moiety of CorA.

“+O0H™ =A™ + H,0 (7)

The molecularly dissolved CorA at the surface likely influence the surface pH and the

surface solubility was expected to be lower at pH > the pKa. This led to a solubility profile
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plateau between pH 5 and 8. In general, this range is of utmost importance for in vivo
dissolution as it covers the conditions in animal and human intestine. Therefore, the

adjusted solubilities were used as solubility input for the PBBM model.

Solubility (ug/mL)
= = =
L 2 3
II\) | |

=

o
o
]

10-2 I I I T T I |

Figure 40. Solubility vs pH of neat CorA. The measured solubilities [108] (m) were used to
extrapolate the bulk solubility (-). The pink line represents the calculated surface solubility of
CorA (-).

10.1.2.4 LogD vs pH
The logD vs pH profile was reported by Krome et al [108]. For the PBBM model the

empirical logD vs pH model was changed and the logP (neutral) — logP (anion) coefficient

was adjusted to 4 to match observed data.
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Figure 41. LogD vs pH of CorA. (m) represents the measured logD values and the line the adjusted
profile for the PBBM model.

10.1.2.5 Intrinsic Dissolution

The ASD formulation principle was proven to improve solubility and dissolution properties
of CorA. Intrinsic solubilities of the spray dried CorA-povidone and CorA-copovidone,
respectively were used for the model of the amorphous formulations. Figure 42 shows a
setup to determine precipitation in 0.1 N HCl at pH 1. The first concentration
measurement after 5 min was used for the model set at 52 pug/mL for CorA-povidone and
33 pug/mL for CorA- CorA-copovidone. Accordingly, the surface pH solubility profiles were
adjusted for CorA-ASD formulations and used for the PBBM and P-PSD approach. The

profiles are presented in Figure 43.
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Figure 42. Precipitation of CorA-povidone dispersion (®) and CorA-copovidone dispersion (A ) at
pH 1.
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Figure 43. Predicted surface solubility vs pH profile for neat CorA, CorA-copovidone ASD and CorA-
povidone ASD at 37°C. The pink line represents the calculated surface solubility of neat CorA (-),
the blue line represents the calculated surface solubility of CorA-povidone (-) and the green line
represents the calculated surface solubility of CorA-copovidone (-).
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10.1.2.6 Effect of Bile Salts

In vivo drug release and the interplay between supersaturation and precipitation may be
influenced by the presence of bile salts. The PBBM addresses this effect by using a
solubilization ratio factor. This value is obtained by using solubilities in FaSSIF and FeSSIF.
The measured solubilities for CorA were used to predict the effect of bile salts for rats
(where CorA was administered as a solution). Since the affinity to bile salt micelles is a
molecular property, the value for bile salt mediated solubilization ratio was not changed

for solid formulations.

Table 30. Input parameters used for CorA bile salt generated solubilization ratio.

FaSSIF FeSSIF
pH 6.5 5.8
Bile Salt Conc (mM) 3 10
Solubility (mg/mL) 0.25 0.26
Solubilization Ratio 1.65 10°

10.1.2.7 Consideration of Potential Precipitation

Precipitation was observed in the experimental setup at pH 1 (Figure 42). An extrapolation
yielded in 68 pg/mL for CorA-povidone and 49 ug/mL for CorA-copovidone at time point
0, an infinite time concentration of 21 pug/mL and 23 pg/mL, respectively and a
precipitation rate of 0.08299 min* and 0.1992 min’. These precipitation rate constants
correspond to a precipitation time of 723 s for CorA-povidone and 301s for CorA-
copovidone. A potential precipitation would result in neat CorA with an intrinsic solubility
of 0.11 pg/mL at pH 1. In the PBBM, the drug was let to precipitate to this neat form. The
effect of precipitation was systematically tested on oral animal PK to assess the impact on

PK using a short precipitation time of 200 s.

10.1.2.8 Distribution Model

The volume of distribution is a pharmacological parameter to describe a theoretical
relationship between the systemic concentrations and amount of drug in the body [163].
Several distribution models are provided by the PBPK software. In the following, the ability

of the default Lukacova model was tested using preclinical IV data in three different
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species. This model based on tissue partition coefficients (Kp) which are calculated from
tissue composition and fraction unbound in plasma considering drug ionization [164]. For
mouse, the predicted profile underestimated the observed data, especially for the later
time points. In contrast, the predictions for rat and dog were in sufficient agreement with
the observed values. However, the log-scale application of the profiles indicated an under-
and overestimation, respectively for the later time points. Thus, the observed deviations
were assumed to be rather attributed to clearance. The Lucakova model was expected to
provide adequate predictions for the volume of distribution in preclinical animals and was

therefore used for estimations of human body distribution.
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Figure 44. Distribution verification using mouse (A, B), rat (C, D) and dog (E, F) IV-PK profiles. (m)
represents the observed plasma concentrations and dotted lines the predictions based on
Lucakova model calculations. The left column is depicted in linear scale and the right column in
log scale.

10.1.2.9 Clearance Pathways for CorA

The metabolism of CorA was assumed to be mediated by CYP2C9, indicated by the in silico
prediction of the AP and in vitro ADMET profile [140]. Preclinical animal clearance data,
obtained from IV data of mouse, rat and dog were fitted to the animals and used to
estimate human clearance. Regulatory guidelines suggest the use of allometric scaling as

state-of-the-art modeling approach [158].
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It allows an estimation of human clearance based on preclinical data and bodyweights.

The following Eq. was used:
Cl=A -BWP (8)

where Cl is the determined or predicted clearance, BW the respective bodyweight and A
and b represent the allometric factors. Measured clearance and allometric predictions of
the species are presented in Table 31.

Table 31. Measured and allometric predicted clearances of CorA in preclinical species and
allometric prediction of human clearance.

BW (kg) Measured clearance (L/h) Predicted clearance (L/h)

Mouse 0.02 0.015 0.015
Rat 0.2 0.026 0.062
Dog 7 0.562 0.563
Human 70 2.342

Allometric parameters A and b were fitted to mouse, rat and dog data and determined to
be 0.169 and 0.619, respectively. Extrapolating to human, a clearance of 2.342 L/h was
predicted. To integrate the predicted clearance to a full PBPK model, metabolism via
CYP2C9 was established. Therefore, a 100 mg IV administration was simulated in a 70 kg
human and Vmax of CYP2C9 was adjusted to match the via allometric scaling estimated

clearance. The final values are displayed in Table 32.

Table 32. Kinetic Michaelis Menten parameters for CYP2C9 metabolism of CorA.

Enzyme Location Data source Vmax (Mg/s) Km (mg/L)

CYP2C9 PBPK Microsomes 0.006949 2.77
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Figure 45. Allometric scaling of preclinical clearances. (=) represents the estimation of human
clearance.
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Figure 46. Prediction of 100 mg IV administration in human. Vnax of CYP2C9 was adjusted to match
predicted clearance of 2.342 L/h.
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10.1.2.10 Contribution of Transporters to Absorption and Drug Permeability

Permeability of CorA is reported by Ehrens et al. using a Caco-2 cell assay [140]. Apparent
apical to basal permeability of CorA (20-10° cm/s) was compared to the permeability of
propranolol (29 10®cm/s). A single point correlation between the observed Pes of
propranolol (2.91:10* cm/s) and the observed Caco-2 data was used to predict the CorA
human P of 2:10* cm/s [165]. Despite the prediction of CorA to be a P-gp substrate, in

vitro experiments (Chapter 9) indicated a negligible effect on intestinal absorption.

10.1.2.11 Dosage Forms

Table 33 summarizes the modelled oral dosage forms for each species and administration.

Table 33. Summary of dosage form, dose and formulation used for PBPK model validation.

Species Dosage form Dose Formulation

Mouse IV - solution 36 mg/kg  Propylene glycol/ Kollliphor HS
15/ PBS pH 7.4 (20/20/60)

Rat IV - solution 18 mg/kg  PEG 200/ PBS pH 7.4 (60/40)

Dog IV - solution 75 mg Propylene glycol/ Kollliphor HS
15/ PBS pH 7.4 (20/4/76)

Rat Oral solution 36 mg/kg PEG 200

Rat Oral suspension 36 mg/kg  Povidone-ASD

Rat Oral suspension 36 mg/kg  Copovidone-ASD

Dog Delayed release — Tablet* 75 mg Enteric capsule — CorA-povidone

Dog Delayed release — Tablet* 75 mg Enteric capsule -  CorA-
copovidone

Dog Tablet (immediate and 100 mg Tablet — CorA-povidone

controlled release)
Dog Tablet (immediate and 100 mg Tablet — CorA-copovidone
controlled release)

# The delayed release — tablet dosage form was used as a surrogate for the capsule formulations
to cover the enteric effect.

10.1.1.12 P-PSD as Dissolution Integration

The P-PSD approach, established by Pepin et al., was used as a mechanistic strategy to
integrate dissolution to the PBPK model to allow a model validation in preclinical species
and transfer to human [161]. Particle size distributions were manually adjusted to match

observed in vitro dissolution data and integrated to the model.
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Table 34. P-PSD fitting for CorA-formulations.

(A) CorA-povidone capsule Radius (pum) %-w/w Distribution
23.0 87.8
116.0 12.2

(B) CorA-copovidone capsule Radius (um) %-w/w Distribution
19 81.80
25 1.40
91 16.80

(C) CorA-povidone tablet Radius (um) %-w/w Distribution
204.7 100

(D) CorA-copovidone tablet Radius (um) %-w/w Distribution
150.3 100

(E) CorA-povidone granule Radius (um) %-w/w Distribution
2 68.80
5 31.20

(F) CorA-copovidone granule Radius (um) %-w/w Distribution
5 59.99
10 18.04
20 21.97
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Figure 47. P-PSD fitting for A: 75 mg CorA-povidone DR capsule dissolution in 500 mL at pH 6.8
(solubility of 0.231 mg/mL); B: 75 mg CorA-copovidone DR capsule dissolution in 500 mL at pH 6.8
(solubility of 0.138 mg/mL); C: 50 mg CorA-povidone tablet dissolution in 500 mL at pH 6.8
(solubility of 0.231 mg/mL); D: 50 mg CorA-copovidone tablet dissolution in 500 mL at pH 6.8
(solubility of 0.138 mg/mL); E: 4 mg CorA-povidone granule dissolution in 20 mL FaSSIF (aqueous
solubility of 0.231 mg/mL, total solubility = 1.24 mg/mL, radius of micelles = 30 nm); F: 4 mg CorA-
copovidone granule dissolution in 20 mL FaSSIF (aqueous solubility = 0.138 mg/mL, total
solubility = 1.40 mg/mL, radius of micelles = 30 nm). The red lines represent the predicted
dissolution profiles.

10.1.2.13 Modeling Assumptions
For CorA modeling animal and human GIT physiologies in fasted or fed state were applied

using the default advanced compartmental absorption and transit (ACAT) models. This
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includes factors within the intestinal tract such as rate of dissolution, pH dependence of
solubility of drugs, gut metabolism, carrier-mediated transport, secretion of bile salts,
regional changes, surface area and influx or efflux transporter if indicated. The default
Optimized log D Model SA/V 6.1 was applied to calculate absorption scale factors based
on regional absorption models (C1-C4). This model adjusts the absorption scale factors for
changes in permeability due to ionization, villi density, and possibly tight junction gap (if
paracellular absorption is not treated as a separate process) among the compartments.
The coefficients C1-C4 are set to default values, which have been optimized to provide
the best fit to observed data for a series of drugs with known human Pes. In parallel, the
small intestine and colon luminal volumes were reduced from the default values to 7.5%
and 2% volume occupation, respectively, to better reflect the magnetic resonance
imaging (MRI) human measurements available in the literature [166—168]. Due to the pH
dependent solubility of CorA the lower intestinal volume may influence dissolution and
precipitation. Thus, the adjustments created a more physiologically relevant volume of

the Gl tract.

10.1.2.14 Model Validation
The PBBM was validated based on preclinical data in rats and dogs following oral

administration. The following Figures (48-50) show the predicted PK profiles for CorA.
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Figure 48. Model validation of (A, a) oral CorA solution (36 mg/kg), (B, b) oral CorA-povidone
suspension (36 mg/kg) and (C, c) oral CorA-copovidone suspension (36 mg/kg) in rats without
precipitation (capital letter, left panel) or with 200 s precipitation time (lowercase, right panel).
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Figure 49. Model validation of (A, a) oral CorA-povidone DR capsules (75 mg), (B, b) oral CorA-
copovidone DR capsules (75 mg), (C, c) oral CorA-povidone sustained release tablet (100 mg) and
(D, d) oral CorA-copovidone sustained release tablet (100 mg) in dogs without precipitation
(capital letter, left panel) or with 200 s precipitation time (lowercase, right panel) based on the P-
PSD approach.
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Figure 50. Model validation of (A) oral CorA-povidone sustained release tablet (100 mg) and (B)
oral CorA-copovidone sustained release tablet (100 mg) in dogs without precipitation (capital
letter, left panel) or with 200 s precipitation time (lowercase, right panel) based on the controlled
release approach.

Predicted and observed PK profiles in rats agreed well when precipitation was excluded
from the model. The integration of precipitation led to underestimated PK profiles. In
contrast, the prediction in dogs were improved when precipitation was assumed by using
200 s as precipitation time. This enabled good predictions with the exception of the
100 mg CorA-povidone tablet. The observed tmax was too short to be compatible with the
in vitro observed time when 50% of CorA were released (approx. 4 h). Consequently, the
predicted PK profiles in dog were underestimated. It was assumed that the peristaltic

forces in vivo have induced a faster disintegration and drug release for this tablet.

Assumptions such as GIT volume reduction (to 7.5% for the small intestine and 2% for the
colon) or adjusted surface solubilities were demonstrated to deliver accurate prediction
for in vivo dissolution. Precipitation was found to be relevant for predictions in dogs, while
in rats, the drug seemed to super-saturate without subsequent precipitation. Higher bile
salt concentrations in rat GIT may explain the predicted phenomenon. Moreover, the P-

PSD approach was proven to allow good predictions, which is promising for human
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prediction of drug product performance. This mechanistic approach was more promising
compared to the controlled release approach for predictivity of human performance.
Predictions using the controlled release function only based on the dissolution profile
without considering potential species-related differences. The knowledge gained from

this preclinical PBBM was used for the model transfer to human.

10.1.3 Model Application for Human

10.1.3.1 First-in-Human Prediction
The predicted human plasma profiles following a single administration of the enteric

capsules or sustained release tablets at a dose level of 100 mg in the fasted state are
presented in Figure 51. Higher Cmax values were expected for the capsule formulations
(CorA-povidone: 5.94 pug/mL; CorA-copovidone: 5.40 pg/mL) compared to sustained
release tablets (CorA-povidone: 2.55 mg/mL; CorA-copovidone: 2.42 ug/mL). In addition,
for CorA-povidone the fraction absorbed was 99% for the capsule formulation, whilst it
was 84% for the tablet formulation. Slightly lower fraction absorbed were predicted for
CorA-copovidone resulting in 96% for the capsule and 72% for the tablet formulation.
Despite the decrease of small intestinal and colonic volumes to 7.5% and 2%, respectively,
the model predicted no precipitation in human. Depending on dissolution, capsule and
tablet PK profiles differed. The capsules were predicted to reach Cmax after approx. 3-4 h
followed by a steeper drop indicating finished absorption processes. The tablet
formulation showed later Cnax after approx. 6 h and longer-lasting PK profiles in
accordance to their sustained-release dissolution profiles. Both approaches were
predicted to reach therapeutically insufficient concentrations in less than 24 h based on
the in vitro 1C50. A rapid drop of the plasma concentrations was observed when Cnax was
reached, even at higher dosing levels (200, 400, 600 mg) (Figure 52 and 53). Therefore,
BID administrations of different dose strengths were predicted to evaluate a desired
accumulation as in terms of a therapeutic effect, it would be beneficial to keep the plasma
concentration as high as possible accompanied with a higher unbound concentration at
the targeted tissue site. The CorA-povidone sustained release tablet was chosen for
simulations as the accumulation for a BID administration was expected to be superior
compared to the capsule formulation. Several dose levels (100-600 mg) and both, fasted

and fed state were simulated (Figure 52 and 53). Nevertheless, the capsule formulations
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alsoindicated some accumulation regarding BID administration and due to the higher Cmax

this formulation approach remained as option for administration in humans.

[ERY
|

o

1 | 1
0 8 16 24 32 40 48

Time (h)

=

g 77
IS

S 6
N’

S 57
S 4-
o

o 3T
S

O 2_ SN
©

e

0

L

(al

Figure 51. Predicted human plasma PK profile for CorA after 100 mg dosage form administration
in the fasted state. The blue lines represent the predictions of CorA-povidone (-) and the green
lines represent the predictions of CorA-copovidone (-). The solid lines display the capsule
administration and the dotted lines the sustained release tablet administration.
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Figure 52. Predicted human plasma PK profile for CorA-povidone tablet after 100 mg to 600 mg
BID administration in the fasted state.

For all doses and prandial states the steady state was predicted to be reached after the
third administration. In the fasted state Cmax and fraction absorbed did not increase in a
dose dependent manner as higher doses limited in vivo dissolution (Figure 52). The
highest simulated dose, 600 mg, achieved a Cmax of 10.01 ug/mL and a lowest
concentration of 3.93 ug/mL after reaching the steady state. Decisive higher plasma
concentrations were predicted when administrations are combined with fed state
resulting in a 3.5-fold increase of Cmax (35.73 ug/mL; 600 mg) (Figure 53). The
corresponding minimal plasma concentrations after reaching the steady state was
7.15 pg/mL. In contrast to the fasted state, no dose-dependent limitations in terms of Cmax
or fraction absorbed were predicted. Consequently, the fraction absorbed was 100%
throughout a broad dosing range, elucidated in Figure 54. In contrast, the fraction

absorbed in the fasted state markedly decreased with ascencing dose levels.
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Figure 53. Predicted human plasma PK profile for CorA-povidone tablet after 100 mg to 600 mg
BID administration in the fed state.
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Figure 54. Impact on prandial status (fasted or high fat meal) on fraction CorA absorbed from
CorA-povidone tablets. The blue line represents the fasted state and the orange line represents
the fed state.

131



10. PBPK Modeling in Preclinical Development of CorA

10.1.3.2 Formulation Development Driven by PBBM and Target Exposure to Reach First Time
Right Results in Humans

Plasma concentration is an important parameter to evaluate ADMET characteristics.
However, a therapeutic success is dependent on the availability at the side of action.
Typically, an anti-infective treatment is dependent on the MIC that must be exceeded for
a certain time [169]. Ideally, a PK/PD model using well-known standard PD models, e.g.
the neutropenic thigh and the neutropenic lung model, defines the target tissue
concentration. For CorA such a PK/PD model was successfully established against the
pathogen Staphyloccus aureus considering the tissue concentration, MIC and reduction in
bacterial burden [105]. The in vivo model to investigate the efficacy of a CorA treatment
against filariasis is more complex and requires more effort. To observe Wolbachia
depletion a treatment of at least 10 days is required [100]. To date, an in-depth PK/PD
model against filariasis comprising relevant tissue concentrations for several dose levels,
has not yet been finalized. To this end, as a first approximation, the unbound tissue
concentrations were put into proportion to the in vitro IC50 of CorA (0.006851 pg/mL).
Fasted state simulation revealed that none of the considered dose levels would be able
to provide tissue concentrations above IC50 throughout the treatment period. The lower
dose levels of 100 and 200 mg were even below the IC50 during the entire simulated
treatment. At 400 and 600 mg, the IC50 was exceeded for 5.8 and 7.8 h, respectively.
Similar to the enhanced fraction absorbed in fed state, the tissue concentrations of CorA
were also increased resulting in up to 6-fold higher concentrations at the highest
simulated dose (600 mg) compared with the IC50. Likewise, 400 mg were able to provide
sufficient tissue concentrations for almost the entire treatment time. The lower dose at
200 mg, exceeded the IC50 for a certain time, however, an impaired therapeutic effect
may occur due to the decrease below the IC50 for approx. 10 h within 24 h. It was

predicted that the lowest dose would be below the IC50 for almost the entire time.

Using the IC50 of CorA it was concluded that a 400 mg BID administration of the CorA-
povidone tablet formulation in combination with a high fat meal would be successfully
reaching tissue exposure levels which would correspond on average, to twice the IC50 as

unbound drug concentration.
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For a critical interpretation it is important to illuminate the input parameters and their
effects on the model. The tissue concentration is highly dependent on plasma protein
binding, so changes would immensely affect the outcome of a model. Moreover, the fed
state was predicted to be highly beneficial due to the high logP value of CorA. This effect
was tested in preclinical species (mouse and dog), but could not be observed contrary to
expectation. Especially, for the in dogs tested enteric capsule formulations, no food effect
was predicted. However, simulating fed state in preclinical species remained challenging.
Therefore, a potential food effect should not be excluded based on animal data and was
recommended to be part in an early phase 1 trial. In addition, the deduction of a
therapeutic success based on an in vitro determined parameter (IC50) limits the predictive
power. Nevertheless, it is a helpful approach for a first impression and thus, supporting
the dose selection for an initial clinical phase | study. During the remaining preclinical and
upcoming clinical investigations, the PBBM model will be further modified and improved

once new data become available.
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Figure 55. Predicted ratio of human unbound tissue concentration to IC50 over time for CorA
after 100 mg to 600 mg BID of CorA-povidone tablet administration in the fasted state.
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Figure 56. Predicted ratio of human unbound tissue concentration to IC50 over time for CorA
after 100 mg to 600 mg BID of CorA-povidone tablet administration in the fed state.

10.4 Summary

First, the in silico tool PBPK modeling was used to evaluate the potential of its combination
with a preclinical biorelevant dissolution setup. The incorporation of solubility and
dissolution into the PBPK model allowed a prediction of plasma concentration in mice, the
efficacy model of CorA. These results further confirmed the bio relevance of the mouse-
specific in vitro dissolution tool. Additionally, the use of physiological parameters
measured in vitro and predicted in silico enabled successful simulations of plasma
concentrations in mice, thus increasing confidence in the utility of this simulation

approach to forecast the performance in other species.

Moreover, a mechanistic PBBM was developed on the basis of preclinical in vivo data in
mice, rats and dogs, as well as, in vitro dissolution performances of ASD formulations of
CorA. Experimental determined IV profiles were used to estimate human clearance and
distribution using the established strategies allometry and PBPK modeling. A successful
validation based on animal data allowed to translate the model to human performance
predictions. A dose of 100 mg (equivalent to 1.4 mg/kg) was simulated, which may serve

as the FIH starting dose for initial clinical trials considering preclinical toxicology studies.
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Focusing on a potential therapeutic treatment dose, 400 mg BID of the CorA-povidone
tablet formulation, administered in combination with a high fat meal was predicted to
reach sufficient tissue concentrations. In sum, this in silico approach was a rational and
helpful tool to combine preclinical in vivo data with in vitro determined properties of the
compound and its formulation to set a first estimate for human PK performance. In
addition, the influence on several input factors, such as food effect or plasma protein
binding could be estimated. As a model represents a continuously enhancing and altering
approach, future preclinical and clinical trials will provide more model confidence
regarding required tissue concentrations for a therapeutic success and opportunities in
terms of, e.g., potential drug-drug interactions or building of PBPK-PD models to predict

effect changes due to dose level, dosage form, and dosing regimen.
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11. Preclinical Toxicologic Evaluation of CorA

The purpose of toxicity tests is to characterize the toxicology profile of a compound. These
studies are required to ensure a safe entry into human clinical studies [170,171]. This
typically includes investigations in different preclinical species, which, however differ in
physiologies and thus, in requirements regarding route of administration and type of
formulation [17]. As the route of administration should be based on the intended clinical
use, the oral administration is often targeted as the most common route in toxicology
studies. Especially for poorly soluble drugs, providing an appropriate vehicle covering all
requirements is an immense challenge for pharmaceutical scientists. Enabling sufficient
exposure is crucial to identify adverse effects in terms of exposure-response relationships
in conjunction with establishing a safety window for human administration. For oral
administration solutions are the preferred dosage form due to easy handling (e.g. dose
escalation) and the elimination of dissolution dependency [17]. However, in contrast to
PK and PD studies, a toxicology study may require extremely high dose levels that exceed
the therapeutically relevant dose many times over, with the goal of observing adverse
effects. If only mild toxic effects will be observed at the starting dose, the dose to be
administered may increase to a maximum of 1000 mg/kg body weight in the worst case,
as specified in the guideline [170]. This would further limits the assortment of appropriate
study vehicles [170]. Ideally, the vehicle should prevent precipitation by providing high
solubility in case of solutions or by using a solubility enhancing formulation strategy to
improve exposure and thus, enable high BA. Another aspect to be considered represents
the tolerability of the respective vehicle, which is in turn dependent on species-specific
factors such as route of administration tolerances, concentrations, volumes, dosing
regimens and study duration [172]. For example, the commonly used solvent PEG 400 is
known to have excellent solubility properties, but exhibit gastrointestinal adverse effects
like watery feces or emesis following oral administration in dogs [173]. Although useful
excipients are reported and accepted for use in toxicology studies, it is even more
important to identify and elaborate alternative strategies to meet the specific

requirements of novel compounds.

The objective was to assess mesoporous silica as an alternative vehicle within a seven-day

exploratory study in dogs. The investigations included tolerability and PK evaluations for
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the vehicle. Therefore, plasma samples were withdrawn at day one to generate
toxicokinetic profiles to assess PK parameter at different toxicological dose levels [174].
In addition, a seven- day exploratory study in rats was performed to evaluate the
toxicology potential of CorA in a standard rodent species. Within this study the standard
PEG 200 vehicle was used. Preliminary studies revealed the MTD and set the dose frame

for these seven-day exploratory toxicology studies.

11.1 Results and Discussion

11.1.1 Toxicokinetic Evaluation in Rats

CorA dissolved in PEG 200 was used as oral dosage form. This vehicle was able to achieve
sufficient high concentrations to provide the required dose levels and high excipient
tolerability. The solution was administered by oral gavage to Wistar rats for seven
consecutive days at dose levels of 250 and 1000 mg/kg body weight/day at a dose volume
of 5 mL/kg body weight. An increase of the 250 mg/kg dose to 1000 mg/kg resulted in
only slight increase of exposure over the first 24 h (AUCo-24: 250 mg/kg: 2986.4 ug*h/mL;
1000 pg/mL: 3875.5 ug*h/mL). No differences regarding Cmax Were observed between the
doses, indicating that solubility and absorption rate limits were reached. The absorption
process at 1000 mg/kg became even more elongated compared to the 250 mg/kg dose
level. Even after 24 h the plasma samples showed high CorA concentration, pronounced
for high dose indicating incomplete elimination during 24 h post dose. Due to the
unfinished elimination after 24 h, the following repeated administrations were expected
to lead to accumulation of CorA. Based on IV administration of the PK study in rats
(Chapter 8.1.3) BAs of > 100% for 250 mg/kg and 40% for 1000 mg/kg were determined,
demonstrating high absorption despite high administered doses. This early exploratory
study demonstrated PEG 200 to serve as a suitable tox vehicle in rats, providing sufficient
solubility and intestinal absorption even at high doses. For regulatory submission a
repeated-dose GLP toxicity is planned to be performed using PEG 200 as toxicology

vehicle.

138



11. Preclinical Toxicologic Evaluation of CorA

200+

50

0

Plasma concentration, ug/mL

1. 1 1 1T 1T 11171711
0 2 4 6 8 1012 14 16 18 20 22 24

Time, h

Figure 57. CorA plasma concentration time profiles in Wistar rats. PO administration of CorA-
PEG200 solution with the doses of 250 mg/kg (e) and 1000 mg/kg (e), (median + IQR, n=8 per
group; alternating sampling).

Table 35. PK parameters after PO administration of CorA- with the doses 250 mg/kg and
1000 mg/kg in Wistar rats (median, n=8 per group, no IQRs were defined as no individual plasma
profiles were performed due to alternating sampling).

AUCo.24 1 per

AUCo.24h Cimax tmax t1/2 BA
(ng*h/my)  TE/kBdOse o iml)  (min) () (%)
ve (ng*h*kg/dose)
CorA-PEG 200 11.9
2986.4 234.0 4 3.73 127
250 mg/kg
CorA-PEG 200 3.9
3875.5 220.1 2 n.a. 40
1000 mg/kg

11.1.2 Clinical Signs During the Toxicological Study in Rats

No test item related mortality was observed during the study. From day four to seven,
excessive drinking and chewing were seen for approx. 30 min after treatment and
soft/liquid feces were seen in the test item treated animals. Lower body weight gains
and/or food consumptions were recorded in all test item treated dose groups. In the high

dose females body weight loss was observed during day one to five. Despite only mild
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gastrointestinal disorders, caused by the high molecular weight of PEG 200, it was possible

to detect CorA-related severe effects.

11.1.3 Toxicokinetic Evaluation in Dogs

As part of toxicological characterization, preclinical toxicology studies have to be carried
out in a non-rodent species. A preliminary study investigated the MTD (data not shown).
To this end, a non-GLP seven-day exploratory study was conducted at the doses 150, 450
and 750 mg/kg in dogs [174]. Although PEG 200 has been suggested as an alternative to
PEG 400 that causes less GIT disorders, oral administration of PEG 200 to dogs in the PK
study (Chapter 8.1.4) induced severe vomiting in four beagle dogs, even with pure PEG
200. Hence, a vehicle was needed that have good tolerability, sufficient oral BAs and the
ability to apply the targeted high dose of CorA. The poor aqueous solubility of CorA
(91.13 pg/mL at pH 6.5) and the required high dose levels (150 mg/kg - 750 mg/kg)
excluded many common vehicles for toxicology studies [108]. Alternative non-aqueous
solvents that would have suitable solubility, e.g., ethanol (up to 1g/mL), were not
considered due to their own toxicological profile [17]. Simply producing a homogeneous
suspension of the drug substance would fail due to the waxy consistency of CorA (Tg of
5°C) [108]. As no commonly used liquid vehicles were possible to generate a solution, an
alternative approach was urgently needed. In terms of solubility and dissolution
enhancement enabling formulations like ASDs are commonly used to improve BA.
However, high doses would be accompanied with high polymer quantities. Gierke et al.
reported that this can result in agglomeration and the formation of pharmacobezoars
after several treatment days leading to a fatal obstructive ileus [175]. CorA-ASD
formulations, comprised of povidone or copovidone, showed correspondingly promising
solubility enhancements. However, the ASDs had a drug load of 20%. This would require
a high amount of polymer, especially for the high dose level (600 mg/kg of polymer). The
administration using capsules (size 0) would require an impractical number of capsules,
approx. 50-100, depending on the individual body weight. Furthermore, providing a
homogenous aqueous suspension is challenging due to the water-soluble ASD matrix and
poor solubility of CorA. Therefore, an alternative was required to conduct toxicological

studies of CorA in dogs.

140



11. Preclinical Toxicologic Evaluation of CorA

In recent years, mesoporous silica has been proven to be an easy-to-use powdered
intermediate that increases BA of poorly soluble drugs [43,44,46]. In contrast to ASDs,
lower risk of pharmacobezoar formation was assumed due to the mineral and inert
character of mesoporous silica. In addition, the loading capacity enabled a drug load of
50%, reducing the total amount of administered excipient. The manufacturing process led
to the formation of a dry powder that was able to generate a homogeneous suspension.
Prior the toxicological assessment of CorA-mesoporous silica, various formulation

characteristics were investigated.

The residual ethanol as process solvent was determined after the second drying step to
confirm compliance with the limit given by the authorities. Figure 58 illustrates that the
final formulation had an ethanol concentration of 779+ 147 ppm for CorA-mesoporous
silica, far below the limit of 5000 ppm [176]. Consequently, the drying procedure was able
to provide a product that fulfil the ICH guidelines. Key characteristics of the mesoporous

silica and the mesoporous silica formulation are summarized in Table 36.
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Figure 58. Results of residual solvents determination of the CorA-mesoporous silica formulation
after manufacturing; n=3 (mean % SD).
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Table 36. Basic characteristics of Syloid® XDP 3050 and CorA-mesoporous silica formulation.

Parameter Syloid XDP 3050 CorA-mesoporous silica
Specific surface area (m?/g) 320[177]
Pore size (nm) 22.9[177]
Pore volume (mL/g) 1.7 [177]
Median particle size (um) 59.42 +0.19 [177] 53.8+0.5
Loading efficiency (%) 89+3

The dissolution performance of CorA-silica at pH 6.8 was studied using the mini-scale
dissolution apparatus (Figure 59). Two target concentrations (0.25 and 0.5 mg/mL) were
investigated to observe potential changes in dissolution rate depending on drug
concentration. A comparable performance was observed at both doses, with a fast initial
drug release reaching 80% (0.25 mg/mL: + 3%; 0.5 mg/mL: + 9%) within 30 min. After
180 min, slight differences were detected as 97% + 2%was observed for the lower dose,
while the higher dose reached 93%+ 5%. This fast dissolution rate cannot be expected in
the toxicological studies, as the doses of CorA exceeded many times those used for the
dissolution experiments. However, the profiles indicated faster drug release compared to
neat CorA. Thus, this vehicle was expected to be suitable for toxicological investigations

in dogs and tested in a seven-days exploratory study.
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Figure 59. Mini-scale dissolution of the CorA-silica formulation (drug load 50%) (n=3, mean % SD).
Experimental conditions were set at: Dose: 5 mg (e) and 10 mg (e); Volume: 20 mL 0.05 M

phosphate buffer (pH 6.8); Paddle speed: 75 RPM; Temperature: 37 °C.

Four groups were treated with ascending dose levels (vehicle-control, 150, 450 and
750 mg/kg), higher than the therapeutic dose, to provoke toxic effects in the time frame
of the study and to establish a necessary safety window for FIH clinical trials. The observed
Cmax increased with ascending dose levels (Figure 60). For all doses plasma concentrations
between 200 and 250 pg/mL were achieved after 1 h indicating fast drug release and
absorption. A further increase after 1 h was detected for the middle and high dose.
However, no dose linearity was detected leading to minimal differences between the
middle and high doses which might be solubility and permeability limited. In particular,
intestinal absorption was expected to be saturated by the high amount of CorA. Thus, fast
and high intestinal absorption did not increase in a dose-dependent manner. In terms of
exposure, pronounced increases were observed with ascending dose levels which
additionally suggested a permeation limitation for Cmax (Table 37). For the dose
normalized exposures (AUCo.ins per mg/kg dose) no significant differences were detected
between low and middle dose (p > 0.05). The plasma concentrations of the middle-dose
led to a less steep elimination profile (Figure 60), indicating that CorA was still dissolving

and absorbed after Cmax Was reached. Similar results were observed for the high-dose,
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which, however, resulted in only a slight increase of the AUCo.int. Consequently, dose
normalized exposure (AUCo.inf per mg/kg dose) for the high-dose decreased below the
value of the middle- and low-dose (Table 37). It was expected that at the high-dose level
intestinal solubility limited further dissolution as CorA was probably not absorbed fast
enough resulting in a significant difference between middle and high dose for the dose
normalized exposures. BAs were not determined, as the doses of the toxicokinetic study
were 12-60-fold higher compared to the performed IV administration (Chapter 8.1.4). The
tmax increased with an ascending dose level (2-4 h indicating a prolonged dissolution and
absorption process. By using the mesoporous silica formulation, increased solubility
values for CorA, tested in biorelevant media (FaSSIF: 0.835 mg/mL +0.002 mg/mL; FeSSIF:
0.615 mg/mL + 0.031 mg/mL) were examined compared to neat CorA (Chapter 5.1.6:
FaSSIF: 0.25 mg/mL; FeSSIF: 0.26 mg/mL) [162]. By reaching the solubility maximum, the
undissolved part remained in the silica pores and served as a reservoir which is able to
replace absorbed drug molecules. For the low dose group tmax was reached after 1 h. It
was assumed, that the reservoir function was rapidly exhausted resulting in a rapid drop
of the plasma concentration. In contrast, the tmax in the middle (3 h) and high-dose (4 h)
group were increased compared to the low-dose group (Figure 60) indicating a longer-
lasting reservoir function accompanied with a sufficient concentration gradient. Reservoir
functions are already described in the field of ASDs. Hirlak et al. demonstrated that a
phase-separated colloidal drug phase is able to serve as a reservoir for already dissolved

and absorbed drug molecules, improving the BA of poorly soluble drugs [74].

In sum, the mesoporous silica combined with a 1%-NATROSOL® solution provided a
homogenous and stable suspension, overcoming handling issues caused by the waxy
consistency of CorA. The low interindividual variability indicated a successful and
consistent dose administration. Due to its aqueous insolubility and average particle size
of approx. 50 um, it was assumed that the mesoporous silica is not absorbed in the
intestine [178]. This study clearly demonstrated mesoporous silica to be a valuable
alternative in cases for which standard vehicles are not applicable. Mesoporous silica was
confirmed to not only improve handling, but also increase BA, resulting in high exposures
of CorA. If only low doses are required for toxicological investigations, the use of ASDs

could present a promising option. In general, the physicochemical characteristics and
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physiological potency of each compound need to be considered, such as aqueous
solubility, solvent solubility, selection of appropriate polymers for an ASD and required
ASD drug load, and toxicological potential to guide the optimal vehicle selection. Even
though, mesoporous silica provided the best option for CorA, the use of alternative
formulations principles may be beneficial for other compounds. For solutions, which are
the ideal approach for toxicology studies, solubility and dissolution may be of different
importance for poorly soluble drugs. These drug candidates are usually dissolved in non-
aqueous solvents or solubilized with the help of excipients. After oral administration, the
dissolved drug may precipitate due to limited solubility in the stomach or intestine [17].
Redissolving of precipitate now determines the intestinal absorption. As a consequence,
a solution is not always able to guarantee full absorption during a toxicological study and
potential severe effects stay undetected. Thus, the mesoporous silica approach is not

necessarily disadvantageous compared to a solution.
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Figure 60. Toxicokinetic profiles of CorA-silica after oral administration in dogs (median + IQR;
n = 4 per group). The dose levels 150 mg/kg (®), 450 mg/kg (m) and 750 mg/kg ( A ) were
administered as a suspension in 1%-NATROSOL®.
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Table 37. Toxicokinetic parameters of CorA-silica after oral administration in dogs (median +
IQR; n =4 per group).

AUCO-inf
AUCo.inf per mg/kg Crnax tmax
dose
ug * h ng * h+kg
L. L h
7 wlemg  e/mU (h)
814.2 5.428 209.36 1
1 k 72-
S0me/ke  13618694)  (4.91-5.80) (zzszg) (1-1.25)
2805.3 6.234 287.79 3
450 mg/kg (2735.38- (6.08.7.11) (248.61- (2-4)
3201.45) mers 337.93)
3243.3 4.324 303.28 4
750 mg/kg (2856.23- (248.74-
3683.58) (3.81-4.91) 355.93) (3.5-4)

11.1.4 Clinical Signs During the Toxicological Evaluation in Dogs

As a reference, a control group received unloaded mesoporous silica. The dogs of the
control group tolerated the vehicle well and no clinical symptoms were observed. Body
weights and food consumption were monitored during the study duration resulting in no
irregular body weight alteration of the control group animals and no decreased food
consumption. Furthermore, no abnormalities were observed regarding clinical
observations, clinical chemistry, histopathology, organ weights, blood pressure,
coagulation or electrocardiogram. Thereby, potential dose-dependent adverse effects
caused by CorA could be clearly assigned. Consequently, mesoporous silica was suitable
to provide a well-tolerated vehicle that enabled high exposure of a poorly soluble drug for
a toxicology study in dogs. The dogs tolerated well the administration of CorA at the low
(150 mg/kg/day) and the mid dose group (450 mg/kg/day). In the mid dose group, only
transient and slight clinical signs (vomiting, thin feces) were observed in low incidence.
Minimally to slightly decreased albumin, globulin and total protein concentrations were
observed on Day 8 compared to the pre-value. However, the incidence of clinical
symptoms was high in the high dose group of both sexes resulting in markedly decreased
food consumption and moderate body weight loss was detected in one of the high-dosed
females. Slightly decreased albumin, globulin and total protein concentrations were

observed on Day 8 compared to the pre-value. Based on the clinical signs, food
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consumption and body weight data in the high dose group (750 mg/kg) was regarded to
be higher than the MTD.

11.4 Summary

In vivo exploratory toxicological studies were performed in a rodent (rat) and a non-
rodent (dog) species. For rats, no CorA related mortality was observed during the study
and only mild GIT adverse effects were demonstrated. Likewise, the low and mid dose
group in dogs showed good tolerability of CorA resulting in only slight and transient
clinical signs, while a high incidence of clinical symptoms was present in the high dose
group identifiable by markedly decreased food consumptions, frequent vomiting and
moderate body weight loss. Due to the higher dose, plasma concentrations and exposure
of the toxicokinetic studies exceeded the values of the performed PK study. Considering
the predictions obtained by the PBBM model, the tolerated dose of 450 mg/kg in dogs is
approx. 80-fold higher than the expected effective dose in human (400 mg, CorA-
povidone tablet) corresponding to a 40-fold increase in exposure. Besides, for the
administration of a 100 mg capsule in human approx. 70-fold lower exposure was
predicted compared to the mid dose in dogs indicating a broad safety window for human
use. Nevertheless, the planned long-term GLP toxicology studies will further increase the
confidence of a safe FIH dose. Regarding the used toxicology vehicles, appropriate
approaches were identified for rats and dogs demonstrated by good tolerances of the
vehicle groups. The toxicokinetic profiles revealed high Cmax and exposures in comparison
to respective PK studies. Thus, PEG 200 was proven to be suitable for rats and mesoporous
silica served as a valuable alternative formulation approach for CorA toxicology
investigations in dogs. These experiments will guide the study setups and dose selections

for the GLP toxicology studies.
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12. Summary and Outlook

Corallopyronin A (CorA) is a natural anti-infective compound which is able to deplete
Wolbachia, endosymbionts of the filarial nematodes. The aim of this PhD project was to
support the preclinical development of CorA by investigating and providing suitable
formulations to be used in preclinical studies and furthermore for potential human clinical
trials. Previous work identified promising formulation principles which served as starting
point for further investigations and development. This was required as CorA displays a
highly lipophilic character (logP of 5.42) associated with a limited aqueous solubility
(0.11 pg/mLat pH 1 and 91 pg/mL at pH 6.5) resulting in poor oral bioavailability and thus,
in an insufficient pharmacodynamic effect. Moreover, CorA exhibited isomerization,
leading to stability issues of the neat drug substance. Due to the fully amorphous
character and low glass transition temperature (Tg of 5 °C), the neat drug substance has a
waxy, sticky consistency that impairs processability. Consequently, to overcome these
challenges, formulation development took place, which addressed the problems
mentioned above. The amorphous solid dispersion (ASD) formulation principle was
identified to be the most promising approach for CorA. Thereby, CorA was dissolved in an
aqueous soluble polymer which was assumed to enhance dissolution due to maximization
of surface area by molecular dispersion, stability due to immobilization of the molecule,
as well as, interactions between CorA and the used polymers (Debye forces).
Furthermore, this approach enabled a simplified handling due to the formation of a
powder. The manufacturing process was carried out using a mini spray dryer (Bilichi-290).
The polymers povidone (polyvinyl-pyrrolidone) and copovidone (vinylpyrrolidone-vinyl
acetate copolymer) have been identified as the most promising polymers using in vitro
biphasic dissolution and stability studies. A downstream process after spray drying was
established via briquetting, milling and sieving. Two different release profiles were
developed to be available for clinical trials. The first option was prepared by using enteric
capsules to prevent the isomerization of CorA by the acidic stomach conditions.
Therefore, the prepared granules were filled into enteric capsules (HPMC-AS) and
assessed as a potential drug product via dissolution tests and a stability study. Fast and
almost complete release was detected in dissolution experiments for both ASD

formulations. Both polymers were able to improve the stability when stored with
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desiccant at 5 °C, 25 °C and 30 °C under nitrogen. The dissolution and the physical state
were demonstrated to be stable over a period of 6 months with no indication of
subsequent alteration. Regarding the CorA-content, increased isomerization was
detected with ascending storage temperatures. At 30 °C a content >90% of the starting
value could be guaranteed for up to 3 months, while storage at 25 °C was able to keep the
CorA amount >90% for up to 6 months. For a longer shelf life, the capsules need to be
stored in a refrigerator at 5 °C. At this condition a CorA content of 98% was detected for
CorA-povidone and 95% for CorA-copovidone after 12 months. These results showed that
the capsules are suitable for an initial phase | clinical study. However, further
improvements in terms of stability are required to ensure a sufficient shelf life for a
commercial drug product. A second option with an alternative release profile was
addressed via a sustained release tablet formulation. Previous efficacy studies indicated
that the time above the minimum inhibitory concentration is the driving force for
Wolbachia depletion. By using the polymer hydroxypropyl methylcellulose in the outer
phase of the tablet, a release over 7.5 h was enabled. For both options, delayed release
capsule and sustained release tablet, CorA-povidone showed slightly improved
dissolution compared to CorA-copovidone. However, both principles and ASDs continued

to be part of preclinical investigations.

A further aim of the PhD project was to establish preclinical biorelevant in vitro tools for
a rational investigation of preclinical formulation candidates. For a pH-dependent soluble
drug, the gastrointestinal pH is able to influence the in vivo dissolution and thus,
absorption and bioavailability. Adjustments, such as pH-profile, bile acids and transit
times of the biphasic dissolution BiPHa+ led to species specific predictions regarding the
dissolution and absorption of CoA-ASD-formulations. Moreover, these setups provide a
material-saving method to optimize the oral availability of CorA in different species and
to select well suited formulation principles already in early preclinical studies. Thus, it was
possible to predict improved absorption in rats and dogs compared to mice. Differences
between CorA-povidone and CorA-copovidone were detected in the mouse setup, while
the rat setup displayed comparable profiles. These observations were confirmed by
performed pharmacokinetic studies. The determined dissolution data in biorelevant

media demonstrated dissolution as the decisive mechanism governing the oral
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bioavailability of CorA and CorA formulations to be deduced. For CorA the presented
setups confirmed the preclinical relevance, thus providing a material-saving method to
optimize the oral treatment for preclinical species and select promising formulation
principles already in early preclinical studies. These results also strengthened the

predictive power of the biphasic dissolution results for the human setup.

Several pharmacokinetic studies of CorA and CorA-formulations were performed in
various preclinical species comprising mouse, jird, rat and dog. Intravenous
administrations were available for mouse, rat and dog. In general, the developed CorA-
ASD-formulations allowed oral administration and an easy handling of CorA for in vivo
studies, which was challenging with the neat drug substance. For all investigated species,
high bioavailabilities for CorA formulations were observed. Due to limited quantity of drug
substance, first trials were conducted in BALB/c mice. Administered as aqueous
suspension in phosphate buffered saline pH 7.4, in mice the bioavailability of neat CorA
of 11% was increased to 59% for CorA-povidone and to 19% for CorA-copovidone. Poorer
performances were observed when administered with water as suspension medium,
resulting in bioavailabilities of 3% for neat CorA, 33% for CorA-povidone and 10% for CorA-
copovidone reaffirming the pH-dependent dissolution. However, based on the in vitro
dissolution experiments the superiority of CorA-povidone compared to CorA-copovidone
was assumed to be pronounced in mice, but less in other species. The in vitro dissolution
mimicking the gastrointestinal conditions in rats revealed similar partitioning profiles for
both CorA-ASDs. The pharmacokinetic evaluation in rats demonstrated high absorption
for both ASDs, administered as oral suspension, resulting in high bioavailabilities. In
comparison to an oral administration of a CorA-PEG 200 solution, the performances of the
ASDs were not inferior. In particular, the median exposure level of the CorA-copovidone
ASD showed similar values compared to the solution. Besides, the solution was identified
as a suitable vehicle for toxicological studies in rats providing easy handling and sufficient
solubility for CorA. In a pharmacokinetic evaluation in dogs the capsule and tablet
prototypes, intended for initial human clinical trials, were investigated, as well as, a
potential vehicle for toxicological studies, the CorA-silica formulation. The capsule
formulations were able to achieve bioavailabilities of 33% for CorA-povidone and 35% for

CorA-copovidone, respectively. The tablets reached 51% (CorA-povidone) and 36% (CorA-
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copovidone) for bioavailability. Dogs are not the ideal model to investigate sustained
release due to short intestinal transit times, so the release observed in vitro over 7.5 h
could not be reflected within the pharmacokinetic study. However, tablets showed similar
or even higher bioavailabilities compared to capsule formulations and are promising
candidates for clinical trials. Despite higher dose levels (100 and 200 mg/kg) the
mesoporous silica formulation of CorA was demonstrated to achieve high plasma
concentration, exposure and bioavailability (100mg/kg: 59%; 200 mg/kg: 92%). In sum,
the results obtained in these studies confirmed the ASD formulation principle as a
bioavailability enhancing approach, confirmed in various species and the data were
valuable inputs for a cross-species physiologically based pharmacokinetic (PBPK) model.
In addition, vehicles for exploratory toxicology studies were investigated in terms of
bioavailabilities demonstrating PEG 200 as a suitable solution for rats and mesoporous
silica suspension as an alternative approach for dogs, both showing high intestinal

absorption.

A PBPK model and physiologically based biopharmaceutic model (PBBM) were developed
by integrating the in vitro measured and in silico predicted physicochemical and
physiological characteristics of CorA. By using the biorelevant dissolution data for mice, it
was able to predict plasma concentration profiles reaffirming dissolution as the decisive
factor for oral bioavailability. Further preclinical in vivo data of the species mouse, rat and
dog were used to build a cross-species in silico model predicting elimination and
distribution in human. In addition, the mechanistic P-PSD approach was applied to predict
in vivo dissolution of the oral drug product. The data for the capsule and tablet
formulations were validated using the results of the dog pharmacokinetic study. This
approach enabled a rational first-in-human (FIH) prediction. For all drug products the
plasma profiles and corresponding pharmacokinetic parameters after a dose of 100 mg
were predicted guiding the dose finding in combination with preclinical toxicology studies.
Based on the in vitro determined half maximal inhibitory concentration (IC50), the
efficacious dose was estimated to be 400 mg of the CorA-povidone tablet twice a day in
combination with a high fat meal to successfully reach tissue exposure levels which would
correspond on average, to twice the IC50 as unbound drug concentration. In contrast, the

enteric capsule formulations were not expected to have such an immense positive food

152



12. Summary and Outlook

effect as observed in the in vivo pharmacokinetic study in dogs. Currently, the deduction
of a therpeutic success based on an in vitro determined parameter (IC50). However, future
preclinical and clinical trials will provide more model confidence regarding required tissue
concentrations for a therapeutic success by considering additional pharmacokinetic and
pharmacodynamic data. Nevertheless, it is a helpful approach to get a first impression on
human performance and thus supporting a rational dose selection for an initial clinical

phase | study.

Another part of the preclinical process included seven-days exploratory toxicological
studies in rats and dogs. For the toxicological studies in rats, CorA dissolved in
polyethylene glycol 200 was found to be a suitable vehicle for offering high solubility
properties and good vehicle tolerability. Thus, a dose level of 1000 mg/kg was able to be
tested. During the study good tolerability for CorA could be demonstrated and no CorA
related mortality was detected. Only mild gastrointestinal adverse effects were observed.
Due to frequent vomiting when polyethylene glycol 200 was used for dogs, the vehicle
needed to be replaced for this species. Mesoporous silica was identified as a suitable
alternative for oral administration offering high loading capacities and good release
properties. Moreover, vehicle tolerability was confirmed in a control group that was
administered with mesoporous silica for seven consecutive days. The vehicle enabled high
dose levels resulting in three dosing groups of 150, 450 and 750 mg/kg, respectively. The
low and mid dose groups in dogs showed only slight and transient clinical signs, while a
high incidence of clinical symptoms was present in the high dose group showing markedly
decreased food consumptions, frequent vomiting and moderate body weight loss. Parallel
toxicokinetic studies exhibited that both vehicles, polyethylene glycol and mesoporous
silica, were able to provide high plasma concentrations and exposures. These studies will
serve as the basis for future long-term good laboratory practice (GLP) toxicology studies

required for a safe entry into human clinical trials.

In conclusion, innovative biorelevant dissolution assays for different species were
established which in combination with PBPK modeling enabled a resource saving and
efficient development and identification of well suitable CorA formulation candidates for
clinical studies in human. After the successful completion of all preclinical studies, the

developed oral CorA drug products will be examined in a FIH clinical trial, aiming to
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provide a novel anti-infective candidate to combat infectious diseases such as neglected

tropical diseases (NTD) caused by filarial nematodes.
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Figure Al. Individual plasma concentration of CorA following IV administration at a dose of 36
mg/kg in BALB/c mice (permission to use the data was kindly granted by Krome et al. [109]).

Table Al. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
IV administration at a dose of 36 mg/kg in BALB/c mice (permission to use the data was kindly
granted by Krome et al. [109]).

Mouse Mouse Mouse Mouse

PK-Parameter 1 ) 3 a Median IQR
tmax min 5 5 5 5 5 0
Crax ug/mL 105.45 145.72 98.47 133.67 119.56 32.98

AUCo-t pg*h/mL 99.70 129.5 103.3 126.3 114.80 24.70

AUCoin  pg*h/mL  108.40 173.20 110.80 14090 125.85 38.78
AUCo.inf
per ug*h*kg/

3.01 4.81 3.08 3.91 3.50 1.08
mg/kg mL*mg
dose
MRT h 2.479 5.78 2.135 2.669 2.574 1.054
Cl L/h 6.64E-3 4.16E-3  6.50E-3  5.11E-3 0.006 1'636E
t12 h 3.30
Vss L 0.016 0.024 0.014 0.014 0.015 0.004
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Figure A2. Individual plasma concentration of CorA following oral administration of CorA-

povidone as a suspension in PBS pH 7.4 at a dose of 36 mg/kg in BALB/c mice (permission to use

the data was kindly granted by Krome et al. [109]).

Table A2. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following

oral administration of CorA-povidone administered as a suspension in PBS pH 7.4 at a dose of 36

mg/kg in BALB/c mice (permission to use the data was kindly granted by Krome et al. [109]).

PK-Parameter Mouse Mouse Mouse Mouse Median IQR
1 2 3 4q
tmax min 10 10 15 10 10 1.25
Crnax ug/mL 6826  60.28 6227  77.98 6527  8.92
AUCo-¢ pug*h/mL 83.18 56.29 67.78 62.30 65.04 10.83
AUCo-inf pug*h/mL 87.67 73.08 72.31 64.47 72.70 6.38
AUCo.inf
E 3% 3

per ug*h*ke/ 44 2.03 2.01 1.79 202 0.8
mg/kg mL*mg

dose

MRT h 1.893 5.272 2.045 1.648 1.969 1.020
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Figure A3. Individual plasma concentration of CorA following oral administration of CorA-
povidone as a suspension in water at a dose of 36 mg/kg in BALB/c mice (permission to use the
data was kindly granted by Krome et al. [109]).

Table A3. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
oral administration of CorA-povidone administered as a suspension in water at a dose of 36 mg/kg
in BALB/c mice (permission to use the data was kindly granted by Krome et al. [109]).

Mouse Mouse Mouse Mouse

PK-Parameter 1 ) 3 a Median IQR
tmax min 15 10 15 10 12.5 15
Crax ug/mL 36.04 31.10 43.47 27.75 33.57 36.04

AUCo-t pg*h/mL 35.89 36.79 39.03 43.42 37.91 35.89

AUCo.inf pg*h/mL 37.43 40.31 43.41 55.57 41.86 37.43

AUCo.inf
per ug*h*kg/

1.04 1.12 1.21 1.54 1.16 1.04
mg/kg mL*mg
dose
MRT h 1.596 2.486 2.604 5.009 2.545 1.596
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Figure A4. Individual plasma concentration of CorA following oral administration of CorA-

copovidone as a suspension in PBS pH 7.4 at a dose of 36 mg/kg in BALB/c mice.

Table A4. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following

oral administration of CorA-copovidone administered as a suspension in PBS pH 7.4 at a dose of
36 mg/kg in BALB/c mice.

Mouse

Mouse

Mouse

Mouse

PK-Parameter 1 ) 3 a Median IQR
Tmax min 5 5 15 15 10.00 10.00
Crmax ug/mL 46.17 23.15 10.57 24.33 23.74 9.79
AUCo-¢ pug*h/mL 26.96 18.38 16.37 34.41 22.67 10.95
AUCo-inf pug*h/mL 29.06 20.45 20.78 37.93 24.92 10.58
AUCo.inf
E 3% 3

per  ug*h*ke/ gy 0.57 0.58 1.05 0.69  0.29
mg/kg mL*mg

dose

MRT h 2.147 2.630 4775 2.688 2.66 0.70
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Figure A5. Individual plasma concentration of CorA following oral administration of CorA-
copovidone as a suspension in water at a dose of 36 mg/kg in BALB/c mice.

Table A5. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
oral administration of CorA-copovidone administered as a suspension in water at a dose of 36
mg/kg in BALB/c mice.

Mouse Mouse Mouse Mouse

PK-Parameter 1 ) 3 a Median IQR
trmax min 60 30 30 30 30 7.50
Crnax ug/mL 2.07 6.76 3.25 9.40 5.01 4.47

AUCo-t pg*h/mL 6.70 15.48 9.01 20.17 12.25 8.22

AUCo.inf pg*h/mL 7.51 16.15 12.71 21.15 14.43 5.99

AUCo.inf
per ug*h*kg/

0.21 0.45 0.35 0.59 0.40 0.17
mg/kg mL*mg
dose
MRT h 3.42 2.23 6.52 2.163 2.83 1.98

176



15. Appendix

Plasma concentration

3 4

T
5

o) =

Time (h)

Q0 =

- Mouse 1

-2 Mouse 2

Mouse 3

Figure A6. Individual plasma concentration of CorA following oral administration of neat CorA as
a suspension in PBS pH 7.4 at a dose of 36 mg/kg in BALB/c mice.

Table A6. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
oral administration of neat CorA administered as a suspension in PBS pH 7.4 at a dose of 36 mg/kg

in BALB/c mice.

PK-Parameter Mouse 1 Mouse 2 Mouse3 Median IQR
trmax min 60 60 30 60 15
Crnax ug/mL 2.60 3.62 3.45 3.45 0.51
AUCo-¢ pug*h/mL 8.77 19.26 10.89 10.89 5.25
AUCo-int pug*h/mL 9.47 20.64 15.73 15.73 5.59
) *|ak
AUCoinrper  pg*h*ke/ ¢ 0.57 0.44 0.44 0.16
mg/kg dose mL*mg
MRT h 2.99 3.15 6.68 3.15 1.85
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Figure A7. Individual plasma concentration of CorA following oral administration of neat CorA as
a suspension in water at a dose of 36 mg/kg in BALB/c mice.

Table A7. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
oral administration of neat CorA administered as a suspension in water at a dose of 36 mg/kg in
BALB/c mice.

Mouse Mouse Mouse Mouse

PK-Parameter 1 ) 3 a Median IQR
tmax min 30 60 60 180 60 37.5
Crnax pg/mL 0.69 1.08 1.04 0.49 0.865 0.41

AUCo-t ug*h/mL 211 3.23 3.57 3.58 3.40 0.62
AUCoinf  pg*h/mL 2.72 4.82 4.10 15.08 4.46 3.63
AUCo.inf

per ug*h*kg/

0.08 0.13 0.11 0.42 0.12 0.10
mg/kg mL*mg
dose
MRT h 3.42 2.23 6.52 2.163 2.83 1.98
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Figure A8. Individual plasma concentration of CorA following oral administration of CorA-
povidone as a suspension in corn oil at a dose of 36 mg/kg in BALB/c mice.

Table A8. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following

oral administration of CorA-povidone administered as a suspension in corn oil at a dose of 36

mg/kg in BALB/c mice.

PK-Parameter Mouse Mouse Mouse Mouse Median IOR
1 2 3 4q
Tmax min 180 180 60 180 180.00 30.00
Crmax ug/mL 6.45 12.41 7.62 9.70 8.66 3.05
AUCo-¢ pug*h/mL 30.20 70.02 27.79 44.15 37.18 21.02
AUCo-inf pug*h/mL 33.27 92.10 29.48 46.25 39.76 25.39
AUCo.inf
E 3% 3

per ug*h*ke/ 9, 2.56 0.82 1.28 110 071
mg/kg mL*mg

dose

MRT h 3.796 5.635 2.790 3.228 3.51 1.14
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Figure A9. Individual plasma concentration of CorA following oral administration of CorA-
copovidone as a suspension in corn oil at a dose of 36 mg/kg in BALB/c mice.

Table A9. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals following
oral administration of CorA-copovidone administered as a suspension in corn oil at a dose of 36
mg/kg in BALB/c mice.

Mouse Mouse Mouse Mouse

PK-Parameter 1 ) 3 a Median IQR
tmax min 180 60 5 180 120.00 1353 7
Crnax pg/mL 8.70 3.14 1.89 4.31 3.73 2.58

AUCo-t pug*h/mL  43.10 9.96 9.32 22.79 16.38  18.07

AUCo.inf  pg*h/mL 4791 12.31 13.50 26.82 20.16  18.89
AUCo.inf
per ug*h*kg/

1.33 0.34 0.38 0.75 0.57 0.53
mg/kg mL*mg
dose
MRT h 3.819 4.574 6.682 4.401 4.49 0.85
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Figure A10. Individual plasma concentration of CorA following oral administration of CorA-
povidone as a suspension in PBS pH 7.4 at a dose of 30 mg/kg in Mongolian gerbils (jirds).

Table A10. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-povidone administered as a suspension in corn oil at a dose
of 30 mg/kg in Mongolian gerbils (jirds).

PK-Parameter Jird 1 Jird 2 Jird 3 Jird 4 Median IQR
tmax min 15 30 30 30 30 3.75
Crnax ug/mL 19.52 14.42 30.21 31.08 24.87 12.18

AUCo-t pg*h/mL 45.92 40.50 59.17 65.74 52.55 16.25

AUCoini pg*h/mL 6134  60.60  227.4 1769  119.12 12;3'3
AUCo.inf

* |4k
per ug*h*ke/ 5 o4 2.02 7.58 5.90 397  4.29
mg/kg mL*mg
dose
MRT h 4234 5369 3934 1726 1131 17.69

181



15. Appendix

£ 250 .

= -2 Jird 1
f 200 = Jird 2
% 150 Jird 3
‘E Jird 4
S 1004

c

(@]

o

s 50-

=

(7))

g 0 | | 1 1

(@]
N
N
o

Time (h)

Figure All. Individual plasma concentration of CorA following oral administration of CorA-
povidone as a suspension in PBS pH 7.4 at a dose of 60 mg/kg in Mongolian gerbils (jirds).

Table A11l. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-povidone administered as a suspension in corn oil at a dose
of 60 mg/kg in Mongolian gerbils (jirds).

PK-Parameter Jird 1 Jird 2 Jird 3 Jird 4 Median IQR
tmax min 30 30 30 30 30 0
Crnax ug/mL 65.89 67.75 11.81 213.44 66.82 51.80

AUCo-t pg*h/mL 168.0 241.9 27.80 465.1 205.0 164.8

AUCo.inf pg*h/mL 243.5 312.5 79.12 590.2 278 179.5

AUCo.inf
per ug*h*kg/

4.06 5.21 1.32 9.84 4.64 2.99
mg/kg mL*mg
dose
MRT h 5.064 3.586 15.43 3.83 4.45 3.89
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Figure A12. Individual plasma concentration of CorA following IV administration at a dose of 18
mg/kg in Wistar rats.

Table A12. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals

following IV administration at a dose of 18 mg/kg in Wistar rats.

PK-Parameter Rat1l Rat 2 Rat3 Rat 4 Median IQR
trma min 5 10 10 10 10 1.25
Crnax wg/mL  101.8 1027 985 1029 1022 1.8

AUCo:  ug*h/mL 1529 1781  157.9 1644  161.15 11_;’17
AUCO-t
m‘;‘;rkg ug*h*kg/  8.49 9.89 8.77 9.13 8.95  0.62
dose
AUCoint  ug*h/mL 1786 1931 1667 1767  177.7 8.0
AUCo.inf
m':;rkg “i*szg/ 9.92 1073  9.26 9.82 9.87 0.5
dose
MRT h 3.659  2.608 2179 2349  2.4785 0':’:4
cl L/h Z'Z(Z)E Z'Z(Z)E Z'ZSE 2‘(5)(2)E 0.025  0.001
t1/2 h 5858  3.228 236 2995  3.1115 1‘3:9
Vis L 0092 0061 0059 006  0.0605 0.009
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Figure A13. Individual plasma concentration of CorA following oral administration of CorA-PEG
200 solution at a dose of 36 mg/kg Wistar rats.

Table A13. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of a CorA-PEG 200 solution at a dose of 36 mg/kg in Wistar rats.

PK-Parameter Rat 1 Rat 2 Rat 3 Rat 4 Median IQR
tmax min 120 120 120 120 120 0
Crnax ng/mL 58.44 73.03 14552  108.78 90.90  48.58
AUCo+  pg*h/mL 2794 283.2 691.6 451 367.1  228.9
AUCo.t per -
mg/kg B NTke/ g oe 7.87 19.21 12.53 1020  6.36
mL*mg
dose
AUCoinf  ug*h/mL 4457 302.0 846.2 535.0 4904  203.0
AUCo.inf
X | ¥
per ug*h*kg/ 1, 39 8.39 2351 14.86 13.62  5.64
mg/kg mL*mg
dose
MRT h 8.059 3.219 4.93 4.541 4736  1.502
F % 87 88 215 140 137 71
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Figure A14. Individual plasma concentration of CorA following oral administration of CorA-

povidone as a suspension in PBS pH 7.4 at a dose of 36 mg/kg in Wistar rats.

Table A14. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals

following oral administration of a CorA-povidone as a suspension in PBS pH 7.4 at a dose of 36
mg/kg in Wistar rats.

PK-Parameter Rat 1 Rat 2 Rat 3 Rat 4 Median IQR
Tmax min 120 120 120 240 120 30
Crnax ug/mL 89.15 50.48 58.86 63.10 60.98 12.85

78.42
AUCo-¢ pug*h/mL 233.3 274.1 328.5 383.8 301.3 5
AUCo.t per -
mg/kg  PETKEL g ag 7.61 9.13 10.66 837 218
mL*mg
dose
AUCo-inf pug*h/mL 260.4 320.7 387.4 456.8 354.1 99.1
AUCo.inf
X | ¥
per ug*h*ke/ o3 8.91 10.76  12.69 9.83 275
mg/kg mL*mg
dose
MRT h 3.751 4.480 4.698 4.697 4,589 0.400
F % 75 92 112 131 102 29
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Figure A15. Individual plasma concentration of CorA following oral administration of CorA-
copovidone as a suspension in PBS pH 7.4 at a dose of 36 mg/kg in Wistar rats.

Table A15. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of a CorA-copovidone as a suspension in PBS pH 7.4 at a dose of 36
mg/kg in Wistar rats.

PK-Parameter Rat1l Rat 2 Rat3 Rat 4 Median IQR
tmax min 120 60 240 60 90 90
Crax ug/mL 120.40 127.35 65.83 92.90 106.65 36.00

AUCo-t pug*h/mL 604.4 454.4 358.6 334.5 406.5 139.3
AUCo.tper 1
me/ke PETREL 1679 1262 9.96 9.29 11.29  3.87
mL*mg
dose
AUCo.inf pug*h/mL  1008.1 490.3 441.9 363.1 466.1 197.6
AUCo.inf

per ug*h*kg/

* 28.00 13.62 12.28 10.09 12.95 5.49
mg/kg mL*mg

dose
MRT h 8.647 3.257 5.182 3.382 4.282 2.698
F % 188 141 127 105 134 31
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Figure A16. Individual plasma concentration of CorA following oral administration of CorA-PEG
200 solution at a dose of 500 mg/kg Wistar rats.

Table A16. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of a CorA-PEG 200 solution at a dose of 500 mg/kg in Wistar rats.

PK-Parameter Rat 1 Rat 2 Rat 3 Rat 4 Median IQR
Tmax min 480 240 240 480 360 240
Crnax ug/mL 324.61 272.71 355.53 378.08 340.07 49.53
AUCo-t ug*h/mL 1900.2 2019.4 2278.3 2423.0 2148.9 324.9
AUCo.t per -
mg/kg  PETKE/ 344 4.04 4.56 4.85 430  0.65
mL*mg
dose
1212
AUCo-inf pug*h/mL 1900.2 6724.6 37500.0 2423.0 4573.8 6.2
AUCo.inf
E 3% 3
per mug*htke/ 4 13.45  75.00 4.85 9.15  24.25
mg/kg mL*mg
dose
37.22
MRT h 4,565 20.910 104.400 4,536 12.738 5
F % 43 45 51 54 48 7
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Figure Al17. Individual plasma concentration of CorA following oral administration of CorA-PEG
200 solution at a dose of 1000 mg/kg Wistar rats.

Table A17. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of a CorA-PEG 200 solution at a dose of 1000 mg/kg in Wistar rats.

PK-Parameter Rat 1 Rat 2 Rat 3 Rat 4 Median IQR
Tmax min 180 480 180 60 180 105
Crnax ug/mL 376.81 509.09 347.31 252.67 362.06 86.23

AUCo-t ug*h/mL 2488.8 3020.4 2426.0 1733.7 2457.4 368.8
AUCo.t per -
mg/kg  PENKEL 5 4 3.02 2.43 1.73 246  0.37
mL*mg
dose
5691.
AUCo-inf pug*h/mL 8243.7 4552.7 25100.0 8983.6 8613.7 3
AUCo.inf
E 3% 3
per ug*htke/ o, 4.55 25.10 8.98 861  5.69
mg/kg mL*mg
dose
MRT h 20.950 6.725 73.100 36.820 28.885 28.49
F % 28 34 27 19 28
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Figure A18. Individual plasma concentration of CorA following IV administration at an abs. dose
of 75 mg in Beagle dogs.

Table A18. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following IV administration at an abs. dose of 75 mg in Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog 4 Median IQR
tmax min 5 5 5 5 5 0
Crax ug/mL 90.2 94.39 97.15 117.96 95.77 9.01

AUCo-t pg*h/mL 148.5 121.2 92.11 113.5 117.35 19.87

AUCo.inf pg*h/mL 148.5 121.2 92.11 113.5 117.35 19.87

AUCo.inf
per ug*h*kg/

18.75 12.28 7.57 10.50 11.39 4.13
mg/kg mL*mg

dose

MRT h 1.402 1.247 0.936 1.19 1.219 0.159
Cl L/h 0.88 1.006 n.a. 1.177 1.006 0.149
ti2 h 0.505 0.619 0.814 0.661 0.640 0.109
Vss L 0.708 0.772 0.763 0.786 0.768  0.026
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Figure A19. Individual plasma concentration of CorA following oral administration of CorA-
povidone at an abs. dose of 75 mg administered as an enteric capsule in fasted Beagle dogs.

Table A19. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-povidone at an abs. dose of 75 mg administered as an
enteric capsule in fasted Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog 4 Median IQR
Tmax min 120 120 120 120 120 0
Crax ug/mL 26.97 14.64 21.8 51.82 24.39 13.17

AUCo-t pg*h/mL 37.28 29.45 48.56 78.92 42.92 20.83

AUCoinf  pg*h/mL 37.28 29.45 48.56 78.92 42.92 20.83

AUCo.inf
per ug*h*kg/

3.89 2.81 3.35 6.14 3.62 1.23
mg/kg mL*mg
dose
MRT h 2.501 2.219 2.891 2.366 2.434 0.269
F % 20.73 22.89 44.25 58.50 33.57 25.46
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Figure A20. Individual plasma concentration of CorA following oral administration of CorA-
copovidone at an abs. dose of 75 mg administered as an enteric capsule in fasted Beagle dogs.

Table A20. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-copovidone at an abs. dose of 75 mg administered as an
enteric capsule in fasted Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog 4 Median IQR
Tmax min 105 105 60 75 90 33.75
Crax ug/mL 23.25 6.67 25.37 39.7 24.31 9.85

AUCo-t pg*h/mL 40.47 13.27 61.15 61.98 50.81 27.69

AUCo.inf pg*h/mL 40.85 13.63 61.48 62.64 51.17 27.73

AUCo.inf
per ug*h*kg/

4.32 1.30 4.33 4.88 4.33 0.90
mg/kg mL*mg
dose
MRT h 2.242 2.895 2.074 1.794 2.158 0.401
F % 23.03 10.59 57.21 46.43 34.73 29.20
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Figure A21. Individual plasma concentration of CorA following oral administration of CorA-
povidone at an abs. dose of 75 mg administered as an enteric capsule in fed Beagle dogs.

Table A21. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-povidone at an abs. dose of 75 mg administered as an
enteric capsule in fed Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog 4 Median IQR
Tmax min 240 240 120 480 240 90
Crax ug/mL 8.57 1.7 8.99 9.83 8.78 2.35

AUCo-t pg*h/mL 25.26 18.35 37.97 98.97 31.62 29.69

AUCoinf  pg*h/mL 25.26 18.35 37.97 98.97 31.62 29.69

AUCo.inf
per ug*h*kg/

2.63 1.78 2.68 7.70 2.65 1.51
mg/kg mL*mg
dose
MRT h 3.848 7.074 4.765 7.971 5.920 2.763
F % 14.04 14.48 35.33 73.36 24.91 30.47
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Figure A22. Individual plasma concentration of CorA following oral administration of CorA-

copovidone at an abs. dose of 75 mg administered as an enteric capsule in fed Beagle dogs.

Table A22. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals

following oral administration of CorA-copovidone at an abs. dose of 75 mg administered as an
enteric capsule in fed Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog 4 Median IQR
tmax min 240 480 240 240 240 60
Crnax pg/mL 3.85 0.7 8.71 2.56 3.21 2.97

AUCo+ pug*h/mL  24.82 7 33.82 21.32 23.07 9.33
AUCoinf  pg*h/mL  24.82 7 33.82 n.a. 24.82 1341
AUCo.inf
m‘;‘;rkg “rgn*LZ::g/ 2.45 0.63 2.21 1.54 1.87  0.96
dose
MRT h 6.29 8 3.892 n.a. 6.290 2.054
F % 13.06 5.17 29.17 14.62 13.84 7.17
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Figure A23. Individual plasma concentration of CorA following oral administration of CorA-silica
at a dose of 200 mg/kg administered as a suspension in water in Beagle dogs.

Table A23. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-silica at a dose of 200 mg/kg administered as a suspension

in water in Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog4 Median IQR
tmax min 90 90 180 180 135 90
Crnax pg/mL 206.97 217.48  188.19 257.95 212.23  25.32

AUCo+ pug*h/mL  2013.5 1790.6  1788.4 1977.3 1883.95 196.30
AUCo.inf pug*h/mL  2017.8 1790.6 1797.5 1980.1 1888.80 193.75
AUCo.inf
m‘;‘;rkg “rgn*LZ;'ig/ 1111 9.86 9.90 1090 10.40  1.07
dose
MRT h 5.743 5.003 5.668 5.084 5.376 0.623
F % 59.25 80.29 130.68 103.84 92.07 35.52
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Figure A24. Individual plasma concentration of CorA following oral administration of CorA-silica

at a dose of 100 mg/kg administered as a suspension in water in Beagle dogs.

Table A24. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-silica at a dose of 100 mg/kg administered as a suspension

in water in Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog4 Median IQR
tmax min 60 45 60 105 60 15
Crax ug/mL 219.8 219.45 140.37 146.76 183.11 74.38

AUCo-t ug*h/mL 884.9 614.2 414.9 537.9 576.05 174.73
AUCo.inf ug*h/mL 884.9 674 414.9 549.5 611.75 210.88
AUCo.inf
m‘;‘;rkg “rgn*LZ;'ig/ 9.75 7.42 457 605 674 232
dose
MRT h 3.147 3.269 2.522 3.779 3.208 0.406
F % 51.97 60.45 60.33 57.64 58.98 4.14
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Figure A25. Individual plasma concentration of CorA following oral administration of CorA-
povidone/HPMC tablet at an abs. dose of 100 mg in Beagle dogs.

Table A25. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-povidone/HPMC tablet at an abs. dose of 100 mg in Beagle
dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog4 Median IQR
tmax min 105 75 75 75 75 7.5
Crax ug/mL 27.8 39.32 41.34 46.12 40.33 6.10

AUCo-t pg*h/mL 93.01 84.98 90.66 77.5 87.82 8.14

AUCo.inf pg*h/mL 93.01 84.98 90.66 77.5 87.82 8.14

AUCo.inf
per ug*h*kg/

8.60 6.46 5.29 5.12 5.87 1.75
mg/kg mL*mg
dose
MRT h 2.87 2.552 2.275 2.197 2414 0.376
F % 45.88 52.59 69.86 48.77 50.68 8.86
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Figure A26. Individual plasma concentration of CorA following oral administration of CorA-
copovidone/HPMC tablet at an abs. dose of 100 mg in Beagle dogs.

Table A26. Non-compartmental pharmacokinetic analysis (PKPlus®) of individual animals
following oral administration of CorA-copovidone/HPMC tablet at an abs. dose of 100 mg in
Beagle dogs.

PK-Parameter Dog1l Dog 2 Dog 3 Dog4 Median IQR
Tmax min 180 180 90 45 135 101.25
Crax ug/mL 16.14 15.8 37.31 15.5 15.97 5.71

AUCo-t pg*h/mL 60.43 65.07 77.37 45.65 62.75 1141

AUCo.inf pg*h/mL 60.43 67.35 80.37 45.65 63.89 13.87

AUCo.inf
per ug*h*kg/

5.59 5.19 4.69 3.02 4.94 1.02
mg/kg mL*mg
dose
MRT h 3.83 5.594 4.073 4,124 4.099 0.479
F % 29.81 42.28 61.94 28.73 36.05 17.65
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