


3. Mechanistic understanding of the observed biological
response: Quantification of the relationship between administered
dose and the extent of target interaction allows for a critical
extension of the biodistribution question. E.g. microCT can be used
to follow up new bone formation over time after administration of a
bone growth promoting compound at different doses. This also
allowed the researchers to establish that a high dose is not
necessarily needed and even at lower doses the desired effect can
be achieved (Briquez et al., 2021).

4. Evaluation of toxicity non-invasively: Since preclinical imaging
provides a full body view, off-target uptake/interactions and
undesired pile up of the compound (liver/kidney/bone marrow
pile-up) can easily be monitored. Using SPECT-CT imaging, this
allowed researchers to investigate ways to lower the kidney pile up

when making use of enzyme inhibitors to disable degradation of the
compound and a kidney uptake inhibitor (Kanellopoulos et al.,
2020).

5. Acceleration and reduction of drug development cost and
approval: Preclinical imaging provides an extension and helps in the
taking early “Go / No Go” decisions and further derisking of the
development process and hereby reducing the costs. Additionally,
having a good imaging biomarker available, responder and
non-responder groups and/or sub phenotypes of disease can be
identified that might not be worth investigating further. For example,
being able to identify whether a compound is able to cross the
blood brain barrier using PET-CT helps to make the “Go no-go”
decision in further development of a brain tracer (Rejc et al,, 2021
and more details in next section).

During which phases of drug development can imaging be useful ?
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Figure 1: The process of drug discovery and development, and the failure rate per step. Steps where preclinical molecular imaging can

provide additional insights are indicated with a CUBE.

Preclinical imaging can help to understand the signaling pathways
of diseases and how processes are interrelated. For example,
Alexander and colleagues (Alexander et al., 2022) were able to
establish that functional T and B lymphocytes are not required for
formation of neurogenic heterotopic ossifications after spinal cord
injury using quick CT imaging. Additionally, preclinical imaging
allows to detect and to quantify specific targets in vivo at the very
early stage. This allows researchers in the first place to assess
whether the targets are present in a certain disease, and secondly

to quantify the spatial and temporal distribution of these targets. A
better characterisation of the targets and complete toolkit of
imaging biomarkers provides a clear overview and enables
identification and validation of the targets to pursue for imaging.

Imaging further helps to provide answers to major questions related
to compound screening, lead optimization (biodistribution, target
interaction and pharmacodynamics) and safety investigation
(toxicology).
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EXAMPLE: PET-CT imaging for evaluation of new tracer as a possible marker for Alzheimer’s disease.
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3. Drug effects and duration

Molecular imaging can help provide non-invasive insights into the
pharmacodynamics and determine the effects of the drug early on.
Making use of imaging biomarkers (e.g. tumor metabolic activity,
size and number of tumors,..) is already routine practice for
diagnosis and disease management for several decades and can

easily link therapy and therapeutic effect both in humans and
animals and therefore promoting translation. The ability to
continuously follow up the subjects with these biomarkers provides
great insights into the structural and functional effects of the drug on
the target in question.

A Dose response to thBMP-2 delivered via bridge
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C pCT scans of the regenerated bone
in the calvarial defect model in mice

EXAMPLE: Longitudinal evaluation of bone growth using uCT imaging. Back pain is a leading
cause of disablility in the world, strongly reducing mobility, quality of life, and ability to work, thus
being one of the main causes of absenteeism. Spinal fusion is a common surgical technique that

consists of fusing two adjacent vertebrae to eliminate their relative movement that causes the pain.
It can be performed using fixation devices, such as plates, screws, and rods, and/or graft materials

D Bone growth over time

and biologics to induce bone growth and seal the adjacent vertebrae together. Unfortunately, one
of the premium graft materials has shown adverse effects such as ectopic bone growth, nerve
damage, inflammation,... due to the release of recombinant human bone morphogenetic protein-2
(rhBMP-2) and raises serious safety concerns. In this study by Briquez et al. (Briquez et al,, 2021), they
undertook the challenge of developing a simple approach to efficiently control the release of
rhBMP-2 from the graft. To investigate the ability to promote bone growth they made use of a mouse
model in which they induced a calvarian defect - and study bone regeneration - or an intervertebral
defect to mimic spinal fusion applications and confirm the proportion of intervertebral bone growth.
After confirmation of retention of rhBMP-2 in the material, the compound was tested in mice with a
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4. Drug toxicity and safety

calvarian defect using different doses and studied bone regeneration over a course of a few weeks.
High resolution microCT images were quantified by calculating the bone volume over total volume
in the lesion site. Results showed that a reduced dose of their improved graft material was as
effective as a higher dose and was able to achieve a similar bone regeneration pattern over the

weeks

Figure 3: adapted from Briquez et al, 2021. Unilateral defects were created in mice calvarial bone
and treated with collagen sponges laden with rhBMP-2 and/or the bridge proteins or PBS as
negative control. Both defect coverage and volume of regenerated bone were measured every 2
weeks by uCT scans as readouts of regeneration (BV/TV. regenerated bone volume over total
volume before defect).

4. Dynamic imaging studies provide full body anatomical and
functional information including uptake in the target of interest but
also undesired uptake or even pile up in other organs and tissues
that could lead to toxic effects (e.g. accumulation in clearing organs
such as liver and kidneys) and other adverse effects. In addition, in

metabolization and enzyme inhibition/induction on drug effect.
Determination of these effects early on but also on the long term is
key and can easily be done using molecular imaging techniques
since subjects can be followed up during the whole experimental
period.
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EXAMPLE: Evaluation of drug toxicity by making use of bile acid analogues and dynamic PET-CT imaging.
Drug-induced liver injury (DILI) is a leading cause for the withdrawal of drugs from the market and can be caused
by the interference of drugs with the hepatobiliary bile acid transporters. Therefore, it is important to evaluate this
potential toxicity from early on in drug development. In this study by De Lombaerde et al., 2016, PET imaging with
18F labeled bile acid analogues was introduced to visualize and quantify disturbed hepatobiliary transport of bile
acids. A bile acid analogue, 18F-fluorocholic acid, was synthesized and the involved uptake transport proteins
were identified by means of in vitro experiments. To evaluate the effect of inhibitory drugs on the enterohepatic
cycle, dynamic PET imaging of [18F]-FCA was done after administration of 2 drugs, rifampicin and bosentan, from
which it is known that they inhibit the involved transporters uptake and efflux transporters. The figure shows the
resulting time activity curves, and in control (healthy) mice, clear liver uptake and clearance to the gallbladder and
intestines is shown. For both rifampicin and bosentan, impaired liver uptake and clearance can be observed. De
Lombaerde et al. concluded that dynamic 18F-FCA PET imaging can be an ideal tool for early detection and
quantification of impaired liver transport, caused by new drug candidates.

Figure 5: adapted from De Lombaerde et al., 2016. Time activity curves in the liver and gallbladder & intestines
in control and rifampicin or bosentan treated mice. Both compounds are known inhibitors of the uptake and efflux
transporters of [1I8F]-FCA and bile acids.



As already touched upon, preclinical imaging is an ideal platform for
further facilitated translation into the clinic. Not only can drug toxicity
and safety and expected effectiveness be investigated using the
same biomarkers as routinely used in clinic, since nuclear imaging
techniques typically require only traces (nanomolar concentration)
of the drug to be delivered, this opens up the possibility to apply for

Imaging versus other techniques

There are many different established techniques that may be used
during the discovery and development of new drugs. Each
technique aims to provide information which can be complemented
by the use of SPECT/PET imaging to get the complete picture. A

an exploratory investigational new drug (eIND) when moving to the
clinical phases. This enables first-in-human studies to be performed
with microdosing and single-dose administration. Consequently,
imaging studies can be performed with much less preclinical
support than is typically required for a full IND (Willman et al., 2008).

non-exhaustive overview of selected techniques are presented
with possible complementary nuclear technigues.

Technique

Purpose of the technique

Imaging alternative

WESTERN BLOTTING

Identify and quantify specific proteins in a mixture
extracted from cells by weight and marking target
protein with a primary and secondary antibody. The
proteins are detected via the chemiluminescence
of the secondary antibody.

The advantage of nuclear imaging is that the
identification of proteins is quantitative, and that the
acquired images yield additional information such
as the biodistribution of the protein, receptor
density and receptor binding. Morgan et al.,, 2022
evaluated P2X7R as a potential noninvasive
biomarker of seizure damage and epileptogesis.
PET CT was used to determine the uptake of the
P2X7 receptor radiotracer in regions of the brain
affected by seizure, and the correlation between
tracer uptake and the severity of the tracer. The
results of P2X7R PET imaging were confirmed via
Western blot in a separate set of mice.

HISTOLOGICAL AND IHC STAINING

The localization of a specific protein marker or
antigen in a specimen can be determined by
staining the antigen. A primary antibody binds to
the target antigen. Optionally a secondary
antibody can bind to the primary antibody.
Enzymes such as HRP are conjugated to the
(secondary) antibody, through enzymatic reaction a
colored precipitate is formed which indicated the
presence of specific protein markers that can
assist with tumor classification and diagnosis of
cytological specimens.

IHC staining is employed to assay the presence of
a protein marker in a biopsy sample. The biopsy
sample may not be representative for the
heterogeneous expression within the primary
tumor lesion, nor within the metastases. Nuclear
imaging allows to assess the expression of the
antigen in and outside of the tumor, and quantify
the antigen over time. Bridoux et al,, 2020 used
PET — CT to visualize hPD-L1POS tumor in mice
with Anti-Human PD-L1 Nanobody.

CUT & COUNT
(EX VIVO BIODISTRIBUTIONS)

The in vivo biodistribution of a compound can be
evaluated invasively by radiolabeling the
compound followed by harvesting organs and
tissues at pre-determined time points. The
accumulated activity in the organs and tissues is
measured with a gamma counter.

The in vivo biodistribution of a compound can be
evaluated by imaging the radiolabeled compound
with PET or SPECT. Nuclear imaging provides full
body real time information on the biodistribution of
the radiolabeled compound. Since nuclear
imaging is non-invasive, a single animal can be
evaluated at multiple timepoints thus increasing
the statistical power and reducing the number of
animals necessary. Otaru et al., 2022 combined
PET/CT imaging and ex vivo biodistribution study
to evaluate a new tracer for radiolabeling of
peptides in a pancreatic carcinoma model.

OPTICAL IMAGING

Optical imaging, including bioluminescence and
fluorescence imaging, visualizes cellular and
molecular processes in vivo, including protein
interactions, protein degradation, and protease
activity by detecting the light with a specific
wavelength emitted by the reporter molecule

A key challenge for optical imaging is the limited
penetration depth, attenuation and scattering of
light in tissue. Therefore the optical signal is
strongly surface weighted and depends on the
optical properties of the surrouding tissue. 3D
optical probe distribution is challenging and
requires a light/tissue  interation  model.
Combination of optical imaging with an anatomical
imaging method such as CT allows mapping of
molecular information to anatomical structures. PET
can provide similar molecular and functional in
formation as optical imaging in addition to absolute
quantification and three— dimensional information.
Zhang, Yajie, et al. developed PLGA protein
nanocarriers that have the ability to be imaged by
multiple modalities.
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