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Abstract

OrBiTo was a precompetitive collaboration focused on the development of the next
generation of Oral Biopharmaceutics Tools. The consortium included world leading scientists
from nine universities, one regulatory agency, one non-profit research organisation, three
small/medium sized specialist technology companies together with thirteen pharmaceutical
companies. The goal of the OrBiTo project was to deliver a framework for rational
application of predictive biopharmaceutics tools for oral drug delivery.

This goal was achieved through novel prospective investigations to define new methodologies
or refinement of existing tools. Extensive validation has been performed of novel and existing
biopharmaceutics tools using historical datasets supplied by industry partners as well as
laboratory ring studies. A combination of high quality in vitro and in vivo characterizations of
active drugs and formulations have been integrated into physiologically based in silico
biopharmaceutics models capturing the full complexity of gastrointestinal drug absorption and
some of the best practices has been highlighted. This approach has given an unparalleled
opportunity to deliver transformational change in European industrial research and
development towards model based pharmaceutical product development in accordance with
the vision of model-informed drug development.
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Introduction

The Innovative Medicines Initiative (IMI) is Europe's largest public-private initiative in the
life science sector between the European Union (EU) and the European pharmaceutical
industry association (EFPIA) (http://www.imi.europa.eu). The purpose of IMI is to accelerate
the development of better and safer medicines for patients and to build networks of industrial
and academic experts in order to boost pharmaceutical innovation in Europe. Importantly, IMI
provides the legal infrastructure and platforms to create and manage large public-private
partnerships for pre-competitive research in the healthcare sector. OrBiTo
(http://www.orbitoproject.eu) was selected for funding as part of the 4" IMI call for projects
and was designed to streamline and optimize the development of orally administered drug
products with focus on the underpinning science of oral biopharmaceutics (1). OrBiTo was
funded from 2012 to 2017 with an additional one year no cost extension and the consortium
brought together in total 27 partner organisations which included nine universities, one EU
regulatory agency, one non-profit research institution, three small/medium sized specialist
technology companies together with thirteen pharmaceutical companies (see figure 1).

OrBiTo had an integrated research approach covering all the critical aspects required to
establish a framework for the prediction of oral absorption (see figure 2) (1). The different
work packages (WPs) included active drug and formulation in vitro characterisations (WP1
and 2, respectively,) which not only focused on defining new and improved tools and
methods, but also incorporated standardization and validation activities to better understand
and utilise existing methods more effectively. WP 3 covered in vivo systems understanding
and in vivo tools mainly through novel mechanistic studies in man. WP4 focused on in silico
based prediction models, primarily physiologically based pharmacokinetic models (PBPK)
and capturing best practices in conducting modelling strategies. This holistic approach
allowed fundamental learnings on the gastrointestinal (GI) tract environment, generated from
in vivo studies in man, to be embedded within the design of new in vitro and in silico tools.
Outputs from new tools and data from clinical studies in man were used to improve the
quality of the in vitro inputs used for in silico predictions. An improved understanding of drug
absorption from the Gl tract was not only obtained by prospective in vivo studies, but also
through extensive validation which was obtained by establishing a database based on
historical in vivo datasets from industry partners.

Oral bioavailability (F) is a major factor which contributes to the to the clinical efficacy and
safety of a drug administered by the oral route. F is the result of three general processes: i)
fraction dose absorbed across the apical cell membrane into the cellular space of the
enterocyte, described as fa; ii) gut wall first-pass metabolism (Eg); and iii) hepatic first-pass
metabolism (En) (equation 1) (2).

F=fa-(1-Ec) - (1- En) 1)
The fraction of the dose absorbed (fa) is affected by different factors such as drug release
from a formulation, dissolution of the active drug in the GI fluids, GI luminal drug

degradation or complexation, and intestinal wall drug permeability (see figure 3). In general,
these factors can be grouped into three categories: (i) physico-chemical factors of the drug
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molecule itself, (ii) pharmaceutical factors such as design of formulations including choice of
excipients and the physical/solid state form of the drug in the final product, and (iii)
physiological and pathophysiological factors in the intestine. A special focus of OrBiTo has
been to characterize and predict the impact of dissolution on drug absorption. Dissolution is
primarily governed by drug solubility and formulation design. The composition, volumes of
the Gl fluids and hydrodynamic conditions generated by the GI motility controlled by
endocrine and neural factors are physiological factors that influence drug release and
dissolution. However, the effect of dissolution on Gl absorption is also modulated in a
complex manner by other factors like permeability, complexation, degradation and first-pass
metabolism. For example, the overall impact of dissolution on Gl drug absorption is strongly
influenced by the intestinal effective permeability (3). In a similar fashion, processes, such as
intestinal degradation and/or carrier-mediated transport processes through the intestinal wall,
metabolism in the intestinal mucosa, hepatic first-pass metabolism, and lymphatic transport
all have an inherent effect on F but they must also be considered to determine the impact of
drug form and formulation on F. In addition, many of these key processes are regional
specific and vary along the Gl tract. As a result, their impact will differ depending on the in
vivo drug dissolution. Due to these regional differences, transit of the API and the formulation
in the Gl tract is also a key factor in GI drug absorption. In a limited number of cases the
pharmaceutical excipients have been proven to exert effects beyond dissolution/solubility
including effects on intestinal Perr, metabolism and Gl transit as summarized recently by
Flanagan (4). Thus, in order to predict the influence of API’s physical form and formulation
technologies on Gl drug absorption all factors described need to be taken into consideration.
For this reason, the OrBiTo project applied an integrated approach that fully considered the
interplay among the above mentioned factors in order to improve the in vivo prediction of Gl
drug absorption.

The importance of the API form and formulation on the clinical performance has been
magnified by modern drug discovery approaches, which yield highly potent and selective
APIs that exhibit challenging biopharmaceutical properties, e.g. low aqueous solubility or
higher molecular weight, sometimes in combination with limited intestinal stability (5). Such
drugs often require complex formulation strategies to enable successful GI drug absorption
and product performance. These dosage forms are based on high energetic solid-state forms of
the API, reduction of the API particle size - sometimes to the nano-scale, lipid formulations,
soluble drug complexes or permeability enhancers (6). These trends have highlighted the need
for rational use of in vivo predictive biopharmaceutics tools at different stages of drug
development, e.g. during candidate drug selection and risk assessment, product design,
bridging between different formulations in clinical trials and commercial manufacturing,
setting in vivo relevant quality criteria, and post-approval changes of the manufacturing.

Most of the progress in understanding and predicting the Gl absorption process during the last
15-20 years is from an industrial perspective represented by the introduction of in vitro
permeability models (7,8), biorelevant dissolution fluids (9), the BCS (10) and in silico PBPK
models for integration of in vitro data and prediction of GI drug absorption (11). However,
these important advances should be viewed not as an end-point, but rather the platform for
modern biopharmaceutics and signposting the strategic direction for improved in vivo
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predictions (12). At the start of the OrBiTo project, extensive reviews were made and
published within each work package in order to further define the state of art and gaps to be
addressed in the project (13-16). In summary, key scientific areas that have been targeted by
OrBiTo across the four WPs include;

e A refined understanding and modelling of GI fluids, compositions and volumes

e Abundance of drug metabolising enzymes and transporters in animal and human
intestine

e Gl hydrodynamics of importance for disintegration and dissolution and which control
the release of API in the Gl tract

e Intestinal drug supersaturation and precipitation, of specific relevance for BCS II/1V
basic drugs, salts and other enabling formulations

e Improved permeability predictions for low solubility compounds in combination with
dissolution studies

e Regional aspects of dissolution, intestinal permeability and other absorption factors
not only relevant for MR formulations, but also for BCS II, 11l and IV drugs not
achieving complete absorption in the upper Gl tract

e Specific excipient/formulation effects on Gl drug absorption especially for solubility
enhancing formulations.

In addition, the lack of standardization and insufficient validation of existing methods were
recognized as a gap at the start of the OrBiTo project and remedies were suggested regarding
best practices. Finally, it was recognised that use of tools (i.e. dissolution or modelling alone)
in a discreet, isolated way was a significant limitation for achieving accurate predictions for
oral absorption and it would require the adoption of a more integrated approach to
significantly improve the predictive power of biopharmaceutics tools.

In summary, the main objectives of the OrBiTo project were;

e to increase the understanding of the GI drug absorption process as a prerequisite for
improved biopharmaceutical predictions

e to create new or refined in vitro and in silico methods contributing to improved in vivo
predictions

o to develop a framework for the optimal use of predictive tools and preclinical models.

It was envisaged that successful progress in the areas detailed above would deliver the
desired outcomes of reducing the number in vivo or clinical studies required to define
drug product performance during a typical development programme and would provide a
deeper knowledge of the critical biopharmaceutical attributes for the design of future drug
products.
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Outcome from OrBiTo

WP1: Physico-chemical tools — Understanding the active pharmaceutical ingredient (AP1)

WP1 focused on the development and standardization of small-scale physico-chemical tools
to characterise the critical properties of the active pharmaceutical ingredient (API) to
understand and predict its absorption. Such characterisation is mainly performed during
candidate selection and early product development to select compounds that have the best pre-
requisites for product development, enable accurate dose predictions to first time in man
studies, establish a basis for product design strategies and provide input parameters for
advanced in silico models (PBPK) of drug absorption. While methods such as dissolution,
solubility and permeability measurements have been well established in the industry, a need
to refine and standardise methods to attain consistency in data interpretation was identified as
a gap which must be addressed to aid decision-making and increase the physiological
relevance of the methods. Furthermore, new tools to accurately characterise supersaturation
and precipitation behavior was a critical need. Finally, current biorelevant media to simulate
the physico-chemical conditions in the small intestine have been developed to simulate the
average/median physiological conditions. This means that the extremes of physiological
variability, even within a group of healthy subjects, are usually been neglected. Therefore,
new approaches focused on capturing the impact of true physiological variation were
developed by WP1.

WP1 was built on two cornerstones. Primarily, a structurally diverse set of APIs with a focus
on poorly soluble compounds (BCS class Il and 1V) was established. The second cornerstone
was a set of simulated GI media (SGIM), reflecting compositions of the human gastro-
intestinal (GI) fluids in the fasted and the fed state to form the basis for the standardized,
validated physico-chemical tools developed in WP1. SGIM simulating the composition of Gl
fluids were defined by an extensive literature search and further enriched by unpublished data
from EFPIA partners. This was published in an initial review paper (13).

Several new physico-chemical tools were developed in WP 1 that will be further exemplified
below. Several new as well as existing tools have been extensively validated. These
validations were to a large extent conducted by the EFPIA partners thereby confirming
industrial relevance and facilitating more widespread implementation. Furthermore,
standardised protocols have been developed for several already existing key methods selected
through EFPIA surveys in order to derive a best practice for achieving consistent output
across different laboratories. One example of an area selected for standardisation was API
dissolution and solubility measurements (17). This work benefited greatly from extensive
EFPIA input sharing internal procedures followed by interlaboratory validation to confirm
and refine the proposed procedures. Finally, a decision tree is under development which
proposes a framework to guide the rational use of the API characterisation tool box in an
industrial setting.

A novel approach to incorporate GI physiological variability (pH, bile salt and phospholipid
concentration etc.) in the determination of API Gl solubility has been established based on a
Design of Experiment (DoE) approach. This work first elucidated all relevant sources of
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variation in extensive multifactorial design experiments. This was later reduced to a more
streamlined approach which is more suitable for implementation in a high-throughput
industrial setting (18-23).

For the determination of the APIs intrinsic dissolution rate and solubility, standardized small
volume tools have been developed using API powder or discs. A strategy to select the most
appropriate tool, based on API solubility, was established and characterized using equipment
available at most of the EFPIA partners, ie the uDISS (24,25).

Novel, standardized small volume assays and pH-shift methods have been explored and
refined to determine the propensity of a given API to supersaturate, nucleate and precipitate in
SGIM. These assays include the possibility to determine the solid state of the precipitate by
in-line or off-line methods using Raman and/or XRPD. The tool was subjected to an
interlaboratory comparison including both academic and EFPIA partners, which demonstrated
the suitability and robustness of the method in both settings. This work further provided
insights into both the method and the industrial needs for one of the SME partners, Sirius
(now a part of Pion Inc), to refine their commercial equipment to better meet the needs of the
customer. For more mechanistic studies of nucleation and precipitation, a video microscopy
approach with image analysis has been developed. This approach, based on a high-throughput
multiple well plate format, also provides a tool particularly suitable for early risk evaluation
of precipitation and the excipients that could be used to avoid this phenomenon (26).

Based on the extensive wet lab experimental data generated and collected in OrBiTo,
molecular dynamics (MD) models were developed to understand the chemical mechanisms
leading to solubilisation of low solubility drugs in intestinal fluids. This also included
colloidal systems generated both from endogenous bile acids as well as formulation
components providing solubilization, such as lipids and surfactants. Furthermore, this work
has addressed the propensity for supersaturation and precipitation and providing important
mechanistic insights into relationships between API structure and solubilisation required for
oral absorption to allow this tool be used as an early screen in the selection of new molecules
with the appropriate biopharmaceutics properties for further development (27, 28).
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WP2: In vitro Tools — Understanding the formulation

The general objectives of WP2 were (i) to establish a functional array of in vivo predictive in
vitro tools for formulation evaluation, with a primary focus on reflecting oral dosage form
performance in the Gl tract, including drug release, supersaturation, precipitation and
permeation, and (ii) to develop a decision tree for selecting the most appropriate in vitro
model(s) in industrial product development for a given drug/formulation/prandial state
combination.

A wide range of biopharmaceutics in vitro methods was available prior to OrBiTo. However,
besides the standardised methods described in various pharmacopoeia, which generally do not
aim for in vivo prediction, the systematic validation and standardisation of predictive methods
was sparse. Furthermore, a need for novel methods existed, considering the increasing number
of challenges in drug product development with very low solubility drugs and an increasing
interest in novel complex or modified release formulations. High priority gaps that were
addressed included 1) the impact of GI motility and hydrodynamics on the behavior of IR and
MR formulations, 2) dissolution in the lower gastrointestinal tract, 3) the performance of
supersaturating drug delivery systems, 4) drug permeation from complex luminal samples,
and 5) the role of lipid digestion in drug absorption.

The in vitro tools developed in WP2 focused on maximizing the biorelevance and thus the
power to predict in vivo results whilst retaining simplicity and ease of use. Two synergistic
approaches were adopted to achieve the general objectives: (1) systematic testing and
validation of both existing and novel in vitro models, and (2) translating an improved
understanding of gastrointestinal processes underlying absorption (WP 3) into optimised
and/or new biorelevant in vitro models.

Within WP2, several new methods have been developed, which are further exemplified
below. Typically, tool development also included validation at both academic and industry
laboratories. Furthermore, standardised protocols have been established and extensively
validated for several already existing key biorelevant dissolution tests (biorelevant fluids,
two-stage dissolution, TIM®, models for evaluating extended release). This defined best
practice guidance which would achieve consistent output from different labs for several
biorelevant dissolution methods of varying complexity. Finally, a decision tree has been
developed proposing a rational industrial usage of the tool box to evaluate oral formulations
taking a science and risk-based approach focusing efforts on the critical cases. This decision
tree is freely available on the internet and is also published as a research manuscript (29).

A high-level summary of some of the achievements of WP2 is given below:

Improved hydrodynamics to capture the impact on drug release were implemented by
developing a dynamic flow through in vitro method that simulates intragastric flow profiles
and gastric pressures in the region of the antrum and pylorus. Through comparisons with in
vivo data, this method has been shown to successfully predict the intragastric disintegration
and drug release behavior of dosage forms. The model developed is now available as
GastroDuo® in a spinout company from the University of Greifswald (30-36).
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A novel method has been developed to capture the impact of increased Gl fluid viscosity in
the fed state. This has proven particularly useful in predicting negative food effects for BCS
class 111 drugs (37-40).

Biorelevant fluids have so far been confined to represent stomach, upper small intestine and
colon. New biorelevant fluids and dissolution methods simulating the ileo-caecal environment
were therefore developed. This was based on unique work in OrBiTo to characterize human
intestinal fluids (41,42).

Development and validation of biorelevant multi-compartmental models was performed to
determine luminal drug release profiles from extended release (ER) dosage forms in both
fasted and fed state. These methods captured the change of fluid composition that an ER
tablet experiences during transport through the Gl tract. Development was based on
previously established biorelevant fluids, extensive literature compilation of GI fluids and
new characterization of Gl fluids performed in humans during the OrBiTo project (43-47).

Development, optimization and validation of models to predict Gl
supersaturation/precipitation and intraluminal concentrations after administration of weak
bases and/or enabling formulations of low solubility drugs including the development of a
new model, the biorelevant Gl transfer system (BioGIT) (48-56).

Integration of permeation within dissolution/precipitation models for the evaluation of
enabling formulations. This enables improved in vivo predictions by mimicking the dynamics
of dissolution and absorption over the gut wall. An Artificial Membrane Insert (AMI) system
has been developed within OrBiTo as a time- and cost-effective alternative to cell-based
models for easy implementation into dissolution testing. It has been successfully applied to
capture the potential of poorly soluble drugs to permeate after solubilization (57-60).

Improved implementation of lipolysis in dissolution testing to improve prediction of the
impact of lipids, either from food or as vehicles for drug delivery, on drug absorption. In
particular, a two-stage method including both a gastric and an intestinal lipolysis step was
developed (61).

Another more mechanistic method was established to monitor the colloidal structures formed
between lipids and bile components during dissolution testing with use of dynamic light
scattering (DLS) or small-angle neutron scattering (SANS), (62,63).

Improved understanding of the multicompartmental TIM-1 model, including its predictive
ability for human performance of different drugs and dosage forms, under fasted and fed state
conditions, and an evaluation/comparison with a newer simplified version (Tiny

TIM), (64,65).

An improved disintegration tester for solid dosage forms as an alternative to the
pharmacopoeial fixed velocity disintegration testing device allowing hydrodynamic control of
tablet movement and thus forces acting on the solid dosage form. In addition, the new device
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integrates direct forces acting on the dosage form thus simulating the effect of stomach
contractions and pressure waves (66-68).

Biorelevant methods using a compendial paddle apparatus were consolidated from methods
already used by OrBiTo partners and evaluated in a set of interlaboratory studies on two
poorly soluble weak acids to establish method robustness and identify sources of variability.
A dual media method, which utilizes a media addition step for gastric to intestinal transfer, is
likely to be particularly useful in the future as a standardized, robust biorelevant method for
industry to use. Subsequent work evaluated a poorly soluble weak base in the dual media
method (70,71).

A more comprehensive review of WP2 work can be found elsewhere (72)

WHP3: In vivo tools and Systems characterization & understanding

The main objectives in WP3 can be summarized as follows;

e The collection of in vivo data derived from animal and human trials focused on
physiological characterization of the gastrointestinal tract including regional
absorption and availability of Gl fluids. The data collection had a particular emphasis
on compounds and formulation performance.

e Mechanistic experiments to improve understanding of the GI system with relevance to
formulation processing and drug dissolution and absorption.

e Measurement of in vivo dissolution and comparison with in vitro methods to obtain an
improved understanding of biopharmaceutical effects on drug absorption.

e Advances in predictability of human oral absorption by use of animal models.

e Animproved understanding of excipient effects on drug absorption beyond their
already more or less well understood effects on drug dissolution. This includes effects
on drug permeability, water retention and transport within the GI tract.

A primary gap in our current knowledge regarding the predictivity of in vitro and in silico
assessments for in vivo drug behavior is the level of biorelevance needed for such predictive
models. While in vitro and in vivo tools at the start of OrBiTo included some biorelevant
aspects, failure in predictions especially for drugs/drug products with challenging properties
like low solubility/permeability drugs or modified release formulations clearly indicated that
an improved understanding of the in vivo system was needed. Within OrBiTo that aspect has
been addressed by more than 20 mechanistic studies in man using intubations for drug
administrations and sampling, imaging and telemetric “smart” capsules with sensors to
provide an enriched dataset describing key properties of the GI environment. For example, the
following studies have been performed;

e Fluids have been sampled and characterized from distal regions in the Gl tract.

¢ Investigations to determine the basic physiological characteristics for improved
understanding of GI conditions at time of drug dosing such as motility patterns,
pressure, temperatures and volumes.
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e Regional permeation of drugs with different physico-chemical and BCS properties has
been characterized.

e Drug dissolution and precipitation in the Gl tract by sampling of GI fluids and
simultaneous monitoring of pharmacokinetics in plasma.

e Targeted and global proteomics of drug metabolising enzymes and transport proteins
in human gut wall (jejunum and ileum).

Traditionally in vivo assessment of drug absorption is performed based on drug plasma
concentration- time profiles. However, such data are the result of a multifactorial chain of
pharmacokinetic processes which can make it very difficult to distinguish the influence of the
many different factors involved in the drug absorption process. Therefore, the latter type of
studies with direct measurement of drug concentrations and the physical drug forms in the Gl
tract have provided the community with novel in vivo data allowing more precise and
mechanistically insightful assessment of drug absoprtion (WP1,2,4). Finally, some parts of
this work also aimed to improve standardized protocols for biopharmaceutic in vivo studies.

Whilst it was a key theme of OrBiTo to replace animal in vivo studies with in vitro and in
silico predictive tools it was realized that the need for some pre-clinical in vivo studies will
remain. For example, in vivo studies will still be needed when initial validations of predictive
tools or acceptable predictions have not been reached. A subsidiary aim of WP3 was therefore
to better understand the suitability of animal models for different types of APIs and
formulations. Such an understanding would lead to a more rational selection of the most
valuable animal models for a given API or dosage form and would ensure successful
translation to human. Biopharmaceutical decision trees available in four EFPIA partners were
discussed by seven companies of which 3 had no decision tree currently defined. The
strengths, weaknesses and opportunities for improvement were summarised and offer a
perspective on the use of in vivo models in biopharmaceutic decision trees for development of
new oral drug products (73).

A non-comprehensive review of selected key findings from the in vivo work are given below.

The sampling of fluids from the ileo-caecal region in man revealed that the reduction in
available bile acids in this region results in a significant decrease in the solubilization of low
solubility drugs present in the ileum (74). This reduction in solubilization capacity occurs
already in the terminal ileum, a region of the small intestine where particulate material can
stay for a significant part of the small intestinal transit. Thus, the use of simulated intestinal
fluids with jejunal bile acid levels are typically only relevant for a time period of 1 — 2 hours.

The gastric conditions after a standardized high fat meal (75) used in food interaction studies
was characterized for the first time (76). Interestingly the fed state remained in the stomach in
all subjects for more than six hours which has clear implications for future dosing regimens
for drugs requiring fasting conditions

Another very interesting finding was obtained in the high fat meal study mentioned above
(76). It is well known that the gastric emptying of gastric content is much slower in the fed
state compared to the fasting situation often reflect by slower onset of drug action with
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concomitant food intake. However, in the current study using in vivo imaging, administration
of water immediately after meal intake, showed that the water was rapidly emptied similar to
fasting conditions in contrast to slow gastric emptying of the meal slurry. Thus, this implies
novel formulation opportunities to allow rapid onset of action also when the drug is taken
with a meal.

Studies with diclofenac, a frequently used anti-inflammatory and pain-Kkilling drug, using
sampling in the stomach and small intestine, showed that when the drug was given as a
solution, it was precipitating in stomach to solid drug particles thereby taking away potential
benefits of such administrations (77). However, when reaching the small intestine, the
precipitated drug particles were relatively rapidly re-dissolved and complete absorption of the
dose was obtained. An additional important finding was the fact that dissolving ibuprofen
particles in the intestine did lower the intestinal pH, indicating the very limited buffer capacity
of intestinal fluid when compared to buffers used in in vitro dissolution testing (78). A
number of similar studies was performed with other drugs also including several solubility
enhancing formulation principles (65, 79-86) providing an excellent basis for validation of
predictive in vitro and in silico tools.

In vitro dissolution testing in up to 40% ethanol has been introduced as a regulatory
requirement for extended-release formulations in the later years. A study was performed in
healthy volunteers to determine the actual levels of ethanol in the stomach and small intestine
in fasted and fed state after intake of beer, wine or whiskey. As expected, the highest level
was achieved in the fasting stomach after a double whiskey (80 ml). Still the average ethanol
concentrations barely exceeded 10 % at max concentrations and it was almost back to zero
within one hour (87, 88). Thus, requirements of 2 hours in vitro testing in 40 % ethanol seems
to be a stress test beyond reasonable relevance at least for patients not being on co-
medications strongly influencing gastric emptying.

The relationship between drug permeability in the human jejunum and different pre-clinical in
vivo models, e.g. rat intestinal single-pass perfusion, in vitro cell mono-layer or artificial
membrane models have been well established. However, in the OrBiTo project, such
relationships were established also for more distal parts of the Gl tract in a structured way for
the first time. These data provided further validation of preclinical models and will be very
useful in refining in silico modelling especially for extended release formulations where
absorption from the entire Gl tract is needed (89-94).

Population models of individual variability have been built on large historical data sets for
some of the key variables in drug absorption such as the rate of gastric emptying in diabetes
(95). Another factor is the bile acid concentration in the gut which determines solubilization
of low solubility drugs (96).

The individual variation had been elegantly determined from markers in plasma reflecting the
gut bile concentration. These population models are a great asset for inclusion in integrated in
silico modelling of absorption for example allowing virtual clinical trials to be performed with
a statistical analysis of the effects of bile acid variability.

The rate of absorption for many drugs is dependent on the rate of gastric emptying. Gastric
emptying in the fasted state is dependent on a recurring motility cycle with longer periods of
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very low activity followed by shorter periods of increasingly intense motility leading to more
rapid gastric emptying and absorption. A new study showed that sparkling water immediately
creates gastric pressure events, prompting consistent rapid gastric emptying and drug
absorption (exemplified with paracetamol) (97). This provides new opportunities for future
design of rapid onset drugs and also provides suggestions for improved standardisation of
bioavailability studies. The work performed by the University of Leuven also generated great
local media interest with articles in several journals and national radio interview.

The effect of various critical excipients on intestinal permeability and absorption like
surfactants was assessed in ex vivo and in vivo animal models (98, 99). The investigations
showed clear concentration and transit time dependence. It is clear that effect of excipients
needs to be assessed by in vivo models as the net effect will be strongly affected by a complex
interplay with multiple physiological and biopharmaceutical factors.

The levels of proteins for a a of drug metabolizing enzymes and transporter proteins in the
human intestine were quantified using QconCAT proteomics technology. Relative mRNA
expression for drug transporters which also had been measured did not correlate with the
abundance of their cognate protein except for P-gp and OST-a, highlighting the limitations of
RNA as a surrogate for protein expression in dynamic tissues with high turnover. Significant
inter-correlations were found within CYP (2C9-2C19, 2C9-2J2, 2D6-2J2) and UGT (1A1-
2B7) family of enzymes. There were also correlations between P-gp and several other
proteins (OST-a, UGT1A6, and CYP3A4). Incorporating such correlations into building
virtual populations within PBPK models is crucial for obtaining plausible characteristics of
simulated individuals (manuscript in preparation).

The soft Bioperm™ intubation method, a well-established tool for investigation of
permeability, absorption, metabolism, and drug interactions at predefined locations in the
gastrointestinal tract, was modified to include pump-controlled infusion of pharmaceutical
suspensions as well as simultaneous pH monitoring in the upper small intestine (78). This
technique was used in a proof of concept study in healthy human volunteers. A comparison of
three different ibuprofen drug products, one solution and two suspensions with different
particle size distributions, as well as two different infusion rates simulating different gastric
emptying rates was performed. A thorough kinetic analysis of plasma-concentration time data
revealed that the dissolution of both suspensions was similar and ibuprofen input from
suspensions was slightly slower compared with the solution dosage form. This knowledge
about the similarity/differences of in vivo dissolution of suspensions with different particle
sizes is important, since it permits higher flexibility in setting particle size specifications when
formulating products with a particular API. Finally, based on the in vivo study, an in vitro
dissolution method for ibuprofen suspensions was developed allowing estimation of the in
vivo dissolution (to be published).

The subject of in vitro / in vivo correlations (IVIVC/IVIVR) was also addressed in a survey
among 13 EFPIA companies and 3 Regulatory Agencies in order to capture the perspectives
and experiences of industry scientists and agency members on this particular drug product

development subject (100). The majority of the companies acknowledged the importance of
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IVIVC/IVIVR throughout the drug development stages and a well-balanced rate of return on
investment. Successful models mainly served to support formulation development and to
provide a better mechanistic understanding of the in vivo fate of dosage forms. As a result
from the survey, the IVIVC/IVIVR approach seemed to be still underutilized in regulatory
submissions but, the responses from both industry and agencies indicated that there might be a
chance for improved regulatory framework to guide the application of traditional and novel
approaches towards IVIVC and biowaivers, such as inclusion of safe-space IVIVRs as well as
the use of physiologically based modelling in the field of IVIVC. The relevance of
IVIVC/IVIVR for oral IR drug products was recognized by most of the companies.

Within WP3 a working group consisting of seven EFPIA partners elaborated on the role of in
vivo preclinical animal models and biopharmaceutic decision trees and their value for the
development of new oral drug products. Key physicochemical and biopharmaceutic substance
properties, the need for their in vivo assessment and the necessity for developing enabling
drug formulations for the marketed drug product were intensely discussed with examples
from in-house databases from EFPIA companies as reference. It was concluded that the in
vivo performance of a particular drug substance and its formulation in First in human (FIH)
studies cannot always be well predicted from in vitro and/or in silico tools alone at the time of
selection of a new chemical entity (NCE). Nevertheless, a generalized decision approach
starts with analyzing the physicochemical features of the drug substance like solid state and
solubility parameters. In a next step, a relation between solubility and dose (DN) as well as a
first exploratory bioavailability study via the targeted application route in animals come into
play but may be omitted in case of biopharmaceutic non-challenging development
compounds, such as those with high solubility / high permeability. It was concluded that a
combination of physicochemical, computational, in vitro and in vivo tools may sometimes be
necessary to decide whether a conventional or an enabling formulation should be developed
(73).

WP4: In silico tools — Integrating data towards in vivo predictivity

The OrBiTo workpackage 4 (in silico tools) was organized around 5 key streams of activity
(Figure 4).

e Database creation and population with novel EFPIA data

¢ Initial gap analysis of the pre-existing in-silico tools and processes in the bottom-up
anticipation of human pharmacokinetics

e Changes to the in-silico models and procedures

e Test of the various improvements

e Creation of a refined Developability Classification System

e Suggestions for best practices related to integration of modelling and simulation to the
project team activities.

Database creation
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The first set of activities related to the creation of a novel database holding partnering EFPIA
foreground data on physico-chemical characteristics of drug substance and drug products,
disposition and distribution data (in vitro), preclinical and clinical pharmacokinetics. The
objectives of this database were to allow the in-silico model evaluation work to be performed
using the same dataset (before and after improvement) and to foster collaboration and
continuous improvement of the data and metadata needed for running appropriate modelling
of human absorption of drug products. The design of the database and the content of the
database has been published in two separate papers (101,102).

The initial requirements for the OrBiTo database were that it should be novel, be secure and
accessible to all partners, be compatible with offline capture of data using industry standard
tools, be searchable, allow the selective blinding of some fields, allow interaction between
data users and data owners whilst maintaining full or partial anonymity, be flexible to allow
new fields and associated metadata to be captured, be fast since the database architecture,
functionalities needed to be created prior to data capture from the EFPIA partners. A novel
architecture was developed and placed in a cloud environment for web-access. Searching
functionalities were added using SQL searches through a user-friendly interface yielding a list
of relevant APIs, and summary data sheets where also proposed, which extract live pre-
defined type of information over the entire database. The actual data could be uploaded and
downloaded via the web interface using an xml script generated from an Excel “plug-in”.
These Excel sheets were used to analyse the data or capture it in view of the data upload
(Figure 5).

The clinical data contained in the OrBiTo database is in compliance with the GDPR
(https://eugdpr.org/) since all individual data are anonymized. Interestingly the design of the
database also in most aspects are in accordance with the recently published FAIR principles
outlining best practice of data management (103).

As of August 2018, 97 APIs were present in the database, 512 preclinical or clinical studies
covering 1638 different administration conditions.

The API physico-chemical and biological data in conjunction with formulation information
and human and animal PK data in this database were mainly used to establish how current
PBPK absorption modelling tools perform in a blinded exercise using minimal guidance for
modellers and, following model improvements and standardization of model inputs in a
subsequent study. The selection of compounds and associated formulations allowed the
OrBiTo team to probe certain model gaps and evaluate model performance with a variety of
drug substances and formulations.

Bottom-up anticipation of human PK

As a first step in improving the prediction performance of in silico tools, a large-scale
simulation exercise was performed with the aim to identify the weaknesses and strengths of
these modelling platforms/approaches and then suggest improvements. For the task, 43 APIs
were found to satisfy the defined selection criteria. The 43 APIs chosen represents over 165
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human studies, and over 600 human study arms. Over 4000 simulation files had been
generated by the participating institutions, representing over 2550 study arm-institution-
software combinations. The study was performed according to a blinded bottom-up approach.
A list of topics for focused analysis was generated and results were published in 3 papers.
Results identified focus areas for further improvements such as integration of in vitro release
profiles, training of modellers, and input data quality. Finally, standard operating procedures
(SOPs) of software use were updated based on the findings.

The task was repeated with updated data and SOPs. In this case, 58 APIs, including the
original 43 APIs, were chosen for the simulation task, representing over 200 Human Studies,
700 Human Study Arms. Guidance documents for both software use, selection and calculation
of input parameters were provided to the modellers along with guidance on reporting the
performed simulations containing all information regarding inputs used and output. Before
performing the simulations, modelers were asked to define strategies for the calculation and
selection of input parameters for allocated APIs and software. These strategies were discussed
with an expert panel in order to harmonize the inputs between modellers and across the
software. The outputs from the strategy discussions were used as one source for further
updating and improving a standard operating procedure (SOPSs) of software use, created in a
previous simulation exercise as a function of data availability and software options. Each
participating institution was asked to generate bottom-up predictions for every human study
arm associated with their allocated APIs using a population representative of healthy
volunteers built into the programs. Extraction of input parameters and simulated plasma-
concentration profiles from the software files was carried out in an automated way and PK
parameters were calculated for each study arm. The performance of the models to predict the
PK parameters was evaluated using already defined metrics. Around 2000 simulation files had
been generated by the participating institutions representing 700 unique study arms and 58
API simulated in the three software packages. Findings are summarized in two manuscripts
(in preparation) but the chief findings are summarized below:

Around half of the simulations were within the 2-fold error for AUCO-tjast and around 90% of
the simulations were within 10-fold error for AUCO-tjast. Oral bioavailability (F) predictions,
which were limited to 19 APIs having intravenous (i.v.) data, showed average fold error of
values 1.37y. Across different APIs, and when compared across different formulations and
routes of administration, AUCO-tjast for oral controlled release and i.v. administration were
better predicted than that for oral immediate release formulations due to higher variability and
complexity in the first-pass processes for the latter. Average predictive performance did not
clearly differ between software packages but some APIs showed a high level of variability in
predictive performance across different software packages. This variability could be related to
many factors such as compound specific properties, the quality and availability of
information, and errors in scaling from in vitro and preclinical in vivo data to human in vivo
behavior which will be explored further. The results are explained in more detail in two
companion papers (104,105).

In silico model modifications and improvements
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Several modifications were made to in silico models primarily based on findings of WP1,
WP2 and WP3 and include the following;

e Ways of calculating drug permeability based on mechanistic models were defined
(106, 107), and the way we integrate precipitation of drug substances and products in
PBPK was extensively studied (48, 108). In the absence of a common current
consensus on the best predictive method for precipitation, several correlations were
established between the transfer models and Stella or between the BioGIT and Simcyp
(54,56).

e The way in which dissolution is integrated in PBPK and the mechanistic interpretation
of dissolution has progressed during OrBiTo (100, 109). The consideration of fluid
hydrodynamics for immediate release (38) or prolonged release formulation and the
type of apparatus or media which could provide better in vitro / in vivo correlation
through the use of PBPK were studied (46, 110).

e Changes to how we model gastro intestinal transit (111), gastric emptying, pH
variability in the stomach and the amount of bile in the small intestine were also
progressed during OrBiTo. These changes will allow more patient centric in silico
approaches, better disease models (112) or evaluation of drug interactions (113) and
improved evaluation of human variability.

e The way in which drug solubility is calculated in complex biorelevant media was
modified to incorporate the contribution of the ionized and unionized drug species.

e Modelling of gastric emptying and reaction of gallbladder following different type of
food ingestion (95, 96).

e Strategy to integrate dissolution in PBPK models in a more mechanistic way than was
achieved before (109, 114).

e Modelling specific patient populations such as patients undergoing bariatric surgery
(115).

e SOPs and guidance related to inputting data into models and modelling procedures.

e The development of refined Developability Classification system (116) and its
application to an industrial database (117).

Impact of OrBiTo deliverables

OrBiTo has developed a broad toolbox for the prediction of oral drug absorption with an
emphasis on the impact of drug form and formulation. The future use and further development
of this toolbox has been facilitated by the development of decision tools and best practice
guidance which rationalize the application of this array of methods. The industry partners
have been strongly involved in the research work throughout the project, which has facilitated
implementation of OrBiTo output into industrial practice. At the end of the project, we have
gathered more than 60 examples of implementation of OrBiTo tools, methods and best
practice guides at industrial partners. This implementation process is expected to continue for
still some time. Furthermore, the strong involvement of industry partners in the research work
as well as extensive sharing of science and industry examples through various meetings have
also contributed to a significant uplift of expert knowledge within the industry.
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The future impact of this improved toolbox on pharmaceutical product development can be
summarised as:

e reduced need for in vivo studies during product development through increased
confidence and rationale use of predictive in vitro/in silico tools

e products with better clinical performance in patients underpinned by the enhanced
understanding and improved tools of drug absorption that has been obtained in
OrBiTo.

With respect to the reduced need for in vivo studies; this will clearly lead to less animal
experimentation in line with agreed 3R principles in addition to reducing the need for human
pharmacokinetic studies typically performed in healthy volunteers. In the latter case, aside
from the ethical benefits of minimising drug exposure to healthy subjects, this also enables
accelerated development and would be expected to contribute to a significant reduction in the
time through the various stages of development, and ultimately, to market. It should also be
noted that although in vivo studies in man still will be needed for verification of results from
predictive methods. The risk of failing such in vivo studies will be significantly reduced,
thereby avoiding unnecessary reformulation and repetition of human studies and extremely
costly delays to market. To put this into context, if the application of OrBiTo tools lead to the
avoidance of a one-year delay to just one significant NCE to market, we estimate that the
OrBiTo project will have made a return on investment of about 10-fold!

The improved insight in the drug delivery and absorption in the Gl tract will clearly improve
the opportunity for patient-centric product design that optimizes the clinical performance in
individual patients. For example, the following potentially desired product characteristics may
be obtained more readily;

e Rapid onset of action

e Improving extent of absorption such that efficacy is reached in consistent manner

e Controlling exposure levels over time to extend the effect and avoid adverse effects
related to temporary excessive drug levels in the body

e Minimise the influence of food, concomitant medications, disease state on drug
actions and thereby reduce variability in patient response.

OrBiTo has also significantly enriched the scientific knowledge in the oral biopharmaceutics
area as reflected by a total output of about 150 papers in peer-reviewed scientific journals.
This is expected to raise to a final total of about 170 papers and an updated list of publications
can be found on www.orbitoproject.eu.

We can also foresee that the OrBiTo output may have an impact on future regulatory
guidelines in the biopharmaceutics area, especially in context of replacing in vivo clinical
studies with predictive tools. OrBiTo has published a conference paper with participation
from leading scientists at EMA and FDA on future use of biopharmaceutics predictive tools in
a regulatory context (118). One particular emerging area that has gained regulatory traction
during the years of OrBiTo is the use of integrated in silico absorption models in combination
with high quality biorelevant in vitro data to justify product specifications or
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formulation/process changes. Pilot case examples of such regulatory applications has been
shared by partners in the project (114, 119). Translational modeling strategies to support drug
product development, manufacturing changes and controls in a regulatory context have also
more recently been addressed in workshops 2017 (120) and 2019
(https://cersi.umd.edu/event/14385/current-state-and-future-expectations-of-translational-
modeling-strategies-to-support-drug-product) organized by University of Maryland together
with the U.S., Food and Drug Administration.

Future research opportunities

We envisage that a long-term goal in the future, drug product development will use
approaches commonly deployed in other industries such as aerospace and automotive, where
development is mainly performed in a virtual setting, informed by predictions and only
verified by physical tests at critical stages. Future regulatory implementation of the predictive
tools will also require more formal scientific qualifications for example to fully implement
virtual bioequivalence trials (120). Example of such topics include drug interactions with food
and other drugs with influence on absorption factors, establishing drug particle size and
dissolution limits, bioequivalence studies for low solubility drugs (BCS I1), special
population, eg paediatric bioavailability studies. Thus, further research will be needed on the
predictive tools to fully realise this potential.

A related aspect is the huge interest in the pharmaceutical industry on utilization of “big data”
and artificial intelligence. This is also likely to play a role in future biopharmaceutics in vivo
predictions. One opportunity brought forward by OrBiTo project in this context is the OrBiTo
database with historical in vivo data that will be maintained after the end of the project. These
data will be accessed for further research and publication purposes to improve our
understanding of the biopharmaceutics models. Data content will continue to evolve, and new
fields and metadata will be added in the future.

Another important aspect is that OrBiTo has been mainly focused on predicting average
outcome in healthy volunteers. Variation in responses between individuals are also driven by
factors such as age, disease, concomitant medications and life style. Although some activities
in OrBiTo addressed patient factors (95), this remains an extensive research field within oral
drug absorption which will be important for implementing patient centric product designs and
precision medicine.

The current drug discovery pipeline includes a large variety of new modalities of higher
molecular weight and not suitable for oral delivery. Historically this has predominantly been
limited to peptides and proteins, but the modern portfolio now also includes modalities such
as various sized nucleotides, conjugated hybrid molecules, and nanoparticles with functional
properties for targeted delivery. There is therefore a need for an in vivo predictive tool box
firstly for parenteral administrations which is the key delivery route for many such modalities.
The knowledge and toolbox in this area is only rudimental compared to the oral area. For
these new modalities, fundamental biopharmaceutical knowledge is needed for transforming
the innovative delivery systems required for such molecules into useful products to patients.
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Secondly, for these new modalities which today are at best limited to parenteral delivery,
there is from a patient-centric point of view a great demand for more convenient
administration forms ultimately via conventional oral administration. Developing delivery
systems which can augment the oral absorption of such molecules remains a significant
challenge. While this has been a research area for decades, progress as measured by clinically
useful products has been minimal. The approaches currently in clinical development, typically
provide bioavailabilities around 1% and the large variability between individuals limit their
effective use for patient populations (121).

Conclusion

OrBiTo has significantly increased the understanding of the GI drug absorption process by
successful completion of more than 20 mechanistic studies in man and created at least 16 new
or refined in vitro methods. A similar number of improvements have been developed for in
silico tools. OrBiTo has also delivered a database framework for biopharmaceutics data
storage populated with historical data from industry partners. This has also included
significant standardization and validation work. Findings from the project have been the basis
for a framework for the optimal use of predictive tools and preclinical models delivered as
decision trees or practical guidance papers in all areas covered by OrBiTo.

OrBiTo has thereby contributed to a step change in model informed drug product
development in biopharmaceutics area by significantly improving the use of, and confidence
in, in vivo predictive in vitro/in silico tools. In vivo predictive in vitro tools and modelling in
combination are the core tools during development and in vivo studies can be limited to verify
outcome or validate models at critical stages. Further research on predictive tools will
however be needed for modelled based pharmaceutical development to reach its full potential.
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