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3D light-sheet fluorescence microscopy in
preclinical and clinical drug discovery
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Light-sheet fluorescence microscopy (LSFM) com-
binedwith tissue clearing has emerged as a pow-
erful technology in drug discovery. LSFM is
applicable to a variety of samples, from rodent
organs to clinical tissue biopsies, and has been
used for characterizing drug targets in tissues,
demonstrating the biodistribution of pharma-
ceuticals and determining their efficacy and
mode of action. LSFM is scalable to high-
throughput analysis and provides resolution
down to the single cell level. In this review, we
describe the advantages of implementing LSFM
into the drug discovery pipeline and highlight
recent advances in this field.
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Introduction

Diverse imaging methods have had a pivotal role in drug discov-
ery, offering valuable insight into the complex mechanisms
underlying diseases and the efficacy of potential therapeutics.
In preclinical settings, in vivo imaging has been extensively used
to evaluate pharmacokinetic (PK) drug properties and therapeu-
tic efficacy across a variety of disease models. In vivo imaging
modalities have often been combined with histological analyses
to characterize drug target localization and drug efficacy at a
higher resolution. Depending on the study aim, magnetic reso-
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nance imaging (MRI), positron emission tomography (PET), and
histology analysis of tissue sections are commonly used in com-
bination with different laboratory assays for characterizing
clinical-stage drugs. In recent years, tissue clearing techniques
coupled with 3D LSFM have emerged as novel tools in both pre-
clinical and clinical drug development. These methodologies
enable imaging of intact tissues and whole organs at cellular res-
olution, thereby bridging the gap between traditional in vivo
imaging modalities and ex vivo microscopy. Recent advances in
3D LSFM have increased imaging resolution and speed and sig-
nificantly expanded the variety of targets and endpoints that
are possible to image. With the incorporation of state-of-the-
art, high-resolution 3D imaging methods in preclinical research
workflows, it is now possible to address research questions that
had remained difficult, if not impossible, to answer using tradi-
tional imaging modalities. As a result, LSFM is now applied across
the different stages of drug development, from mapping the
expression of drug targets and assessing the mode of action of
drug candidates to evaluating therapeutic and adverse effects in
patient samples (Figure 1).

LSFM compared with other imaging modalities
A variety of imaging methods have been developed to support
the drug discovery process, with the choice depending on the
scope of the study (Figure 2). In vivo imaging modalities, includ-
ing PET, MRI, computed tomography (CT), and ultrasound
(sonography), allow for non-invasive longitudinal imaging of
disease progression and compound biodistribution.®" 2

For example, preclinical PET allows for quantitative imaging
of radiolabeled compounds with the aim to assess the absorp-
tion, distribution, metabolism, and excretion (ADME) profiles
of drug candidates and to determine drug-target engagement,
with resolution of ~1-5 mm; thus, it is best suited for studying
macroscopic changes.”?"?® The use of radiolabeled com-
pounds is complex and can limit the utility of PET in specific
research settings. One of the key applications of MRI in phar-
macological research is characterizing drug-induced changes
in tissue morphology for evaluating drug toxicity and treat-
ment response. Functional MRI is applicable for detecting
blood oxygen level-dependent contrast changes to map blood
flow and brain activation patterns in response to drug treat-
ment. The resolution of MRI has traditionally been at the mil-
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3D light sheet imaging applications:
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+ Target localization to specific
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+ Expression level comparison in
healthy and diseased tissues
and in response to compound
treatment
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and duration

+ Demonstrating receptor
engagement
+ Expression validation in human

H + Screening of adverse events
tissues samples

+ Biodistribution analysis in whole

Preclinical testing Clinical trials

e &

+ Biodistribution analysis in whole  + Biopsy imaging to validate
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+ Mode of action studies + Biopsy imaging to characterize
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animal models
+ Neuronal activation studies

+ Characterization of adverse
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Overview of the main applications of 3D light sheet fluorescence microscopy (LSFM) in different phases of drug discovery and development. In early target
discovery, LSFM can be applied to visualize target protein or mRNA distribution in both rodent organs and human tissue samples. Expression level can be
compared between healthy tissue and in diseases. It can be used to visualize to what extent the target gene expression responds to treatment with known
pharmaceuticals. The biodistribution of the lead compound can subsequently be visualized to characterize on- and off-target localization in tissues to
identify the best compound for further development. In this phase, imaging can also assist in determining optimal treatment dose and duration and
demonstrating receptor engagement. In the subsequent preclinical phase, 3D imaging is often applied in mode-of-action studies and in studies
characterizing neuronal activation and drug efficacy in disease models. In eventual clinical trials, biopsies could be imaged in 3D to demonstrate efficacy and

adverse events.
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Maximum resolution and imaging depth for common preclinical imaging modalities. Multicolor-capable imaging modalities are indicated with an icon of
red-green-blue wavelengths (lines) passing a lens, and in vivo-capable imaging modalities with heartbeat symbol next to them. Abbreviations: -CT, micro-
computed tomography; IR, infrared; LSFM, light sheet fluorescence microscopy; MRI, magnetic resonance imaging; PET, positron emission tomography.

limeter scale, but recent technological advances allow for
detecting tissue structures down to 15 pm.>"® 3D ultrasound
localization microscopy technology enables imaging of blood
flow in vasculature at a resolution down to 5 um and has pro-
ven instrumental in the characterization of mouse models of
stroke and visualizing central nervous system (CNS) activation
signatures in response to diverse stimuli.’””’ The applicability of
whole-organism bioluminescence imaging has been increased
by the development of brighter compounds and more sensitive
systems to enable detection of a few emitting cells in living ani-
mals, with spatial resolution usually limited to millimetres."®
Near-infrared (NIR) imaging is commonly used to study com-
pound biodistribution or to monitor the expansion of fluores-
cent tumors. In most common settings, the resolution is
limited to ~100 pm with an imaging depth of ~0.4-1 cm, with
recent advances aimed at improving imaging depth.®? 10
Both NIR and bioluminescence imaging rely on the use of viral
vectors or transgenic animals which limits their applicability in
pharmacological studies. Last, CT is often applied to provide a
3D overview of dense tissues, including bones and solid
tumors. The resolution of in vivo micro-CT can be down to a
few hundred micrometers, whereas ex vivo (and some in vivo)
micro-CT methods can resolve details in the range of few
micrometers.

All in all, while the above imaging modalities offer excellent
opportunities to characterize morphological changes over time,
they typically lack the level of resolution required to distinguish
individual cells. Furthermore, the signal, being radioactive, fluo-
rescent, or contrast based, is usually captured alone and without
the possibility of adding cell- or tissue-specific markers. Although
confocal microscopy and multiphoton microscopy can be used
to image different wavelengths, these systems are not well suited
for large samples. All these limitations can be overcome using 3D
LSFM, whereby multiple fluorescent markers can be imaged
simultaneously in the entire organ at single cell resolution.

Sample preparation for LSFM

A rapidly expanding number of methods have been established,
enabling quantitative LSFM analysis of diverse tissue types, dis-
ease models, and markers. Here, we focus on the application of
LSFM in large, cleared tissue samples, but the microscopy tech-
nology itself is also applicable to smaller living organisms and
organoids. The chemical and experimental principles of tissue
clearing have been reviewed elsewhere.”'!" 12 Here, we focus
on how LSFM can be successfully integrated in the target and
drug discovery workflow and describe a range of possibilities
offered by the current LSFM methods.
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Incorporation of tissue clearing and LSFM in preclinical target
and drug discovery usually starts by considering how the samples
can be collected. The preparation of intact rodent organs for
LSFM necessitates uniform and complete fixation and is com-
monly achieved by intracardiac perfusion fixation. This
approach becomes impractical for large animal models and clin-
ical biopsies, in which immersion fixation can provide good
results with some modifications in downstream sample process-
ing.®*'? 1% The above methods are largely identical to the stan-
dard sample collection workflow in histology and pathology
laboratories, which simplifies the implementation of LSFM.
Whole-organ imaging methods have been established with the
aim to detect proteins, mRNAs, and diverse fluorophore-
conjugated drugs. Immunohistochemistry protocols using pri-
mary and secondary antibodies allow for detecting cells of inter-
est, changes in signaling pathways, and localization of drug
targets. To facilitate sufficient antibody penetration throughout
the large tissue volume, the protocols involve different chemical
steps to remove lipids and loosen the extracellular matrix. For
mouse organs, immunohistochemistry and clearing protocols
have been optimized for the brain, P!> ®19.®17 kidney, P1#-®1?)
bone samples, P2 (P2 (P22),(023) hegrt, (P24 (P25) adipose tissue, P>
and eye, P?”) as well as for the entire mouse."*®*??) In addition,
protocols are available for human organs and tissue
samples. P13 P1H030.®3D Flyorescent proteins, expressed in
transgenic animal models or by viral vectors, can be detected
with suitable antibodies (i.e., anti-GFP) or imaged directly
by selecting suitable clearing methods that preserve the
signal, P32 (P33 (P39.(035) Recent advancements in the field have
demonstrated high-resolution 3D gene expression analysis by
multiplex mRNA in situ hybridization (ISH) in tumor samples™*®
and intact mouse brain. 3738

Whole-organ LSFM is only made possible by progress in
tissue-clearing methods. In simple terms, tissue clearing typically
relies on the transfer of the sample to a refractive index matching
solution (Figure 4a—e). In this way, by eliminating refraction and
reflection of the illuminating laser beam, the fluorescent signal
can be visualized even centimeters deep in the tissue. The basic
principle of LSFM relies on shining a thin laser light sheet (with
a thickness usually in the range of 3-10 pm) at a specified excita-
tion wavelength on the sample. The images are then captured
using an objective positioned either below or above the sample.
The sample or the light sheet are then moved axially up or down
by the desired step size (commonly 3-20 pm) and the image cap-
ture is repeated. The sample can be imaged at each plane at mul-
tiple wavelengths. LSFM also benefits from fast acquisition
speeds, with each plane imaged in a millisecond timeframe,
thereby enabling rapid acquisition of entire organs.

LSFM in drug target discovery

Drug targets are often identified through high-throughput
‘omics studies and in vitro screens, which provide limited infor-
mation about drug target distribution across different cell types
at the whole-organ level. To ensure that a drug specifically targets
a particular cell population, it is crucial to acquire an in-depth
understanding of target gene expression patterns in various

organs. Whole-organ ISH with LSFM offers an unbiased and rapid
method for assessing gene expression throughout entire organs
(Figure 4f, g). This technique, which uses DNA probes that can
be designed for any transcript regardless of species, circumvents
the challenges associated with the development of specific anti-
bodies. Nevertheless, if suitable validated antibodies exist, these
can be equally instrumental for evaluating and validating the
localization of corresponding target proteins. For example, the
glucagon-like peptide 1 receptor (GLP-1R) has emerged as a key
target in the treatment of obesity. Using LSFM, the expression
of GLP-1R was visualized and mapped in the mouse brain, along-
side with a fluorophore-conjugated GLP-1R agonist peptide, to
demonstrate target localization and compound distribution.”*")
Polymorphisms in leptin receptor (LEPR) and pro-
opiomelanocortin (POMC) are associated with childhood obesity,
raising interest in these proteins in drug discovery. Using trans-
genic reporter mice, two distinct population of neurons, Pomc*-
Glp1r* and Pomc*Lepr were identified in the hypothalamus,
with distinct functions in the regulation of food intake.”*” In
a similar manner, using whole-brain imaging, melanocortin-3
receptor (Mc3r) was found to be primarily expressed in hypotha-
lamic brain regions known to have a role in food intake, and sup-
porting the development of pharmaceuticals targeting MC3R for
the treatment of anorexia.?*"

Pathological accumulation of alpha-synuclein (¢-Syn) is a
hallmark in a subset of neurodegenerative disorders and demen-
tias, commonly referred to as a-synucleinopathies. LSFM of the
intact mouse brain offers unique advantages to study these dis-
eases because it enables precise 3D mapping and quantification
of a-Syn spreading, including in the a-Syn seeding model estab-
lished by intracerebral injection of preformed fibrils (PFFs). LSFM
in combination with available brain-wide anatomical connectiv-
ity data has been instrumental to map and predict longitudinal
changes in pathological o-Syn spreading in the mouse PFF
model, opening possibilities to use the method for identifying
drug interventions that could halt or reverse a-
synucleinopathy.”*? Similarly, Alzheimer’s disease (AD) repre-
sents the most common form of dementia and is characterized
by progressive memory loss. Accumulation of f-amyloid peptide
(AP) and its aggregation into amyloid plaques together with pro-
gressive deposition of intracellular hyperphosphorylated tau pro-
tein represent the histopathological hallmarks of the disease,
resulting in neuronal death. Using a plaque-specific dye (Congo
Red), the accumulation of AB plaques has been characterized
by LSFM in a standard mouse model of AD at different stages
of disease progression.”*® We anticipate that 3D LSFM whole-
brain imaging in AD mouse models will help identify drug candi-
dates with improved CNS accessibility and therapeutic efficacy in
AD.

LSFM is also applicable in the context of infectious diseases.
Severe acute respiratory syndrome coronavirus 2 (SARS CoV 2)
enters cells by binding to angiotensin-converting enzyme
(ACE)-2, following which the spike protein is cleaved by the
transmembrane serine protease 2 (TMPRSS2) to facilitate viral-
host membrane fusion. By LSFM mapping the localization of
these membrane proteins in healthy and diseased hamster lungs,
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it was concluded that the infection occurred in tertiary bronchi,
bronchioles, and alveoli, where both proteins were present, and
not in other areas of the lung, where only one or the other was
detected.®*® These studies provide examples of how the
distribution of drug targets can be characterized in 3D at the
whole-organ level. This information is often important in the
drug design process, which needs to consider how the specific
cell populations can be reached with treatment.

Drug biodistribution assessment in cleared organs
Imaging drug distribution in model organisms is a fundamental
part of preclinical drug development. It is important in determin-
ing that the drug specifically reaches the specific cell population
or molecular target (target engagement), testing different deliv-
ery routes, establishing PK and pharmacodynamic (PD) parame-
ters and in understanding how each of these parameters can
influence the choice of drug dose in efficacy studies. From a 3D
imaging perspective, drug biodistribution studies represent in
many ways the simplest study design, where a fluorophore-
conjugated compound is administrated in a single or multiple
dosing regimen, followed by rapid organ clearing, LSFM scan-
ning, and quantification of the fluorescent signal as a proxy for
compound distribution.

Several studies have focused on characterizing the distribution
of GLP-1R agonists in the brain, because central action is essen-
tial for the weight-lowering properties of this drug class. Using
whole-brain LSFM in mice acutely dosed with the fluorophore-
conjugated GLP-1R agonist liraglutide, it was demonstrated that
the compound largely accumulating in the circumventricular
organs [CVOs; i.e., area postrema (AP), median eminence, vascu-
lar organ of the lamina terminalis, subfornical organ], but was
also detected in a few brain regions beyond the blood-brain bar-
rier (primarily in the arcuate nucleus of the hypothalamus,
ARH).P*5®%9) In 3 subsequent LSFM study, liraglutide and
semaglutide, a GLP-1R agonist with longer half-life, were found
to show some differences in signal distribution in the brain,
which could explain the differential efficacy on weight loss of
these two compounds.”*? By also performing the experiment
in Glplr-knockout mice, GLP1R-dependent accumulation of
these two compounds in specific brain regions was validated. ">
Further comparative quantitative whole-brain analysis of lipi-
dated GLP-1R agonists has supported the benefits of peptide lip-
idation in gaining CNS access.”*”

Therapeutic antibodies hold great promise for the treatment
of a variety of diseases and the field is developing at a fast pace.
The delivery and distribution of antibodies can be analyzed by
3D LSEFM using either direct conjugation to a fluorophore or a flu-
orescent secondary antibody. As an example, dosing of tumor-
bearing mice with fluorescent therapeutic antibodies directed
against human carbonic anhydrase XII (CA XII) facilitated imag-
ing of targeting efficacy in metastases. The results indicated that
the therapeutic antibody efficiently targeted the primary tumor
and metastases in the lungs, but had lower efficiency in reaching
metastases in the rest of the body."*® Epithelial cell adhesion
molecule (EpCAM) represents historically one of the first and
most studied cancer-associated biomarkers and drug targets.
Given that the gene is also expressed in healthy epithelial cells

across diverse organs, a balance needs to be achieved to assure
sufficient targeting of tumor cells. Using 3D imaging of entire
cleared mice as well as isolated organs in higher detail enabled
studying the distribution of intravenously dosed fluorophore
conjugated anti-mouse EpCAM antibodies."*?

Compared with therapeutic antibodies and peptide drugs, the
biodistribution of small molecules has been difficult to image
because of challenges in fluorescent labeling while preserving
functionality and achieving reliable drug-tissue fixation. To
overcome the first obstacle, CLICK chemistry has been applied
to visualize small molecules covalently bound to drug targets.
For this purpose, alkyne handle-conjugated drugs were made vis-
ible by subsequent addition of azide-Alexa647 with a CLICK reac-
tion in the intact tissue. This enabled quantitative 3D
visualization of drug-target engagement for fatty acid amide
hydrolase inhibitors as well as for a monoamine oxidase inhibi-
tor in the mouse brain.**” To overcome the second challenge
in visualizing small molecules that do not covalently bind the
receptor, a strategy was developed in which a primary amine
was added to the target molecule, enabling it to be fixed by
formaldehyde to the surrounding proteins. Using this approach,
several small molecules, including spiperone, an antipsychotic
schizophrenia drug, were imaged in whole-mouse brain.®>"
These studies have set the groundwork for future small-
molecule biodistribution studies using 3D LSFM imaging.

Adeno-associated viruses (AAV) constitute the bulk of gene
therapies. Evaluating which of these viral vectors target the
intended cells is crucial for ensuring treatment efficacy and min-
imizing potential side effects (Figure 4h). Accordingly, 3D LSFM
imaging was used to compare the transduction efficiency of dif-
ferent recombinant AAV serotypes dosed intramuscularly to
identify those capable of reaching the spinal cord and brain-
stem.">? LSFM was also applied to image efficient AAV transduc-
tion of neurons following an intracerebral stereotactic AAV
injection in a Huntington’s disease model, with further molecu-
lar analyses confirming its gene-editing efficiency.”>® Given that
the gene therapy field is still at an early stage, the number of
studies focused on validating novel therapeutic vectors in disease
models will likely increase. The same holds true for therapeutic
stem cells. Following systemic or local delivery into the tissue,
the fate of the cells is often difficult to assess because of their
low survival probability and spread across large tissue regions.
The transplanted cells can be detected either by imaging fluores-
cent protein expression or by detecting human stem cells in mice
by staining for anti-human IgG antibodies.*>*

CNS mode of action studies

LSFM has gained increasing popularity in preclinical mode-
of-action (MoA) studies, in particular within the field of neu-
roscience. The mammalian brain displays a highly organized
structure with minimal variation between individuals. A
mouse brain comprises >1000 brain regions, with many of
them having well-characterized functions established in basic
neuroscience experiments and supported by clinical data. The
3D coordinates of each brain region have been established in
the average mouse brain atlas (the Allen Reference Atlas) using
two-photon tomography images.”*>’ Automated mapping of
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LSFM data to the brain atlas space provides a unique opportu-
nity to characterize neuronal activation signatures across the
brain and within specific brain regions. C-fos is a proto-
oncogene that is expressed within many neurons following
depolarization and, thus, is considered a proxy for neuronal
activity (Figure 4i). In a pioneering study, Renier et al. applied

whole-brain 3D LSFM c-Fos imaging to characterize neuronal
activation patterns in response to behavioral stimuli,
laying the groundwork for automated c-Fos mapping, quan-
tification, and visualization.”>® This approach has subse-
quently been applied in numerous pharmacological studies
in mice.
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For example, several studies have mapped c-Fos activation sig-
natures of weight-loss drugs. The neural circuits regulating appe-
tite and food intake are generally well characterized. In brief,
homeostatic control of appetite involves peripheral signals (hor-
mones) reaching the AP, nucleus of the solitary tract (NTS), and
the ARH, which are connected to deeper brain regions in the
hypothalamus, amygdala, and parabrachial nucleus. Nonhomeo-
static (hedonic) regulation of appetite includes many of the
above brain regions with distinct activated neuronal popula-
tions, but also recruits reward-related signaling originating from
the midbrain, notably the ventral tegmental area.”*” c-Fos imag-
ing and quantification following acute administration of
semaglutide or liraglutide revealed an increase in c-Fos-positive
cells primarily in brainstem nuclei (AP and NTS), parabrachial
nucleus, hypothalamus (ARH and parasubthalamic nucleus),
central nucleus of the amygdala, and bed nuclei of the stria ter-
minalis. Comparison of the c-Fos response to the biodistribution
of the corresponding fluorescent-tagged compounds revealed a
partial overlap between drug accumulation and c-Fos response
primarily in the brainstem, enabling the authors to conclude
that the compounds indirectly activate deeper-lying brain
regions, which may be important for the appetite-suppressive
effects of this drug class.?*? 493 These studies support the
notion that the parabrachial nucleus is a key relay for signals
originating from the AP and NTS, and subsequently further
transmitted to canonical mid- and forebrain regions regulating
body-weight homeostasis."*?""*® Comparison of c-Fos signa-
tures of the weight-lowering compounds semaglutide, bromo-
criptine, rimonabant, lorcaserin, and setmelanotide revealed an
overlapping c-Fos activation pattern in brain regions with estab-
lished roles in body weight and satiety regulation, in particular in
the brainstem, amygdala, and hypothalamus **% The results also
highlighted key differences between the individual MoA of the
drugs. Interestingly, semaglutide resulted in a highly discrete
brain regional activation pattern, reflecting predominantly
CVO-restricted accumulation of the drug, while all other
weight-loss compounds promoted brain-wide activation. Some
of the observed neuronal activation signatures can help explain
the adverse events observed for these drugs, exemplified for
rimonabant by increased c-Fos activity in the prefrontal cortex
and amygdala.”>?

Considering the successful clinical development of GLP-1R
agonists for obesity, significant efforts have been made to iden-
tify drug targets that can potentiate GLP-1R agonist-induced
weight loss to a magnitude that presently can only be achieved
by gastric bypass surgery. Tirzepatide represents a benchmark
peptide pharmaceutical, targeting both GLP-1R and gastric inhi-
bitory polypeptide receptor (GIPR) and demonstrating the bene-
fits of dual agonists.”°” Whole-brain 3D imaging can be
instrumental in characterizing drug combinations that can have
complimentary brain activation signatures to promote additive
effects on weight loss. Using whole-brain LSFM imaging,
co-activation of GLP-1R with either nicotinic acetylcholine
receptors or neuropeptide Y receptor type 2 was found to
enhance c-Fos activation in key appetite-regulating regions,
resulting in greater body-weight loss compared with monothera-
pies. P61 (P62 Similarly, preclinical evidence has shown the bene-
fits of small-molecule NMDA receptor antagonists in suppressing
food intake, but clinical translation has been prevented by severe
adverse events. Conjugating the N-methyl-D-aspartate (NMDA)
receptor antagonist MK-801 to a GLP-1 analog enabled targeting
of the effect to GLP-1R-expressing cells, resulting in an improved
safety profile and body-weight loss. Using LSFM of c-Fos-positive
neurons indicated that GLP-1-MK-801 treatment increased neu-
ronal activation in some amygdala and midbrain regions com-
pared with semaglutide.”®®

The development of more effective therapeutics for depres-
sion and other psychiatric disorders has remained challenging.
One reason for this is the lack of understanding of underlying
disease mechanisms. Almost all psychiatric disorders affect mul-
tiple brain regions, making it difficult to characterize druggable
pathways and the MoAs of therapeutics. An historical research
focus on specific cell populations in defined brain regions has
hindered our understanding of neuronal signaling in psychiatric
disorders. Whole-brain 3D imaging can bring a change to the
drug discovery process for psychiatric disorders because it helps
unbiased mapping of neuronal activation across the brain. Fur-
thermore, the neuronal activation information can be combined
with LSFM experiments to visualize connectivity between brain
regions (i.e., by viral tracing), helping to generate a better under-
standing of the interplay between the different activated cell
populations. Given that most existing antipsychotic drugs repre-
sent small molecules, progress in establishing methods for the

<

Overview of possible applications for light sheet fluorescence microscopy (LSFM) in organ-specific drug efficacy studies. In oncology, imaging can be used to
visualize tumor growth, metastases, P2+ P31P%) ca|| proliferation,””*P* inflammation®”> and vascular changes.”’® In renal disease research, LSFM can be
used to count and analyze glomeruli,?'?*76P77) inflammation®? vascular changes,”*® kidney tubules,?”® innervation,”'® and changes in podocyte
numbers and morphology. In women’s health and fertility research, imaging can count oocytes and analyze ovarian follicle maturation.®** In male fertility,
the morphology of seminiferous tubules can be characterized.”® In digestive system disorders, the morphology of intestinal surface can be visualized, "
and enteric innervation®”® and microbial distribution™®” can be quantified. For skeletal muscle diseases, the overall morphology, patterning, and size of
muscles can be assessed ™" and neuromuscular junctions quantified.”®*? In the adipose tissue, the total number of adipocytes, their volume and
inflammation can be assessed.P?®""% |n diabetes research, the islet count, and volume can be quantified in the entire pancreas, the B cell mass analyzed,
cell proliferation assessed, and inflammation quantified in type 1 diabetes mellitus.®'*PVP52) |n prain research, tyrosine hydroxylase-positive neurons can
be quantified in Parkinson’s disease models,”?” Alzheimer's plaques counted and their size analysed,”*®**”) microglia quantified,”*® and neuronal
activation analyzed in response to physiological and pharmacological stimuli, including for anti-obesity pharmaceuticals.”*®?*? In eye disease, the
morphological changes in the outer nuclear layer can be assessed, photoreceptors quantified, and vascular changes assessed.’?"P?8:%9) |n Jung diseases,
the airways and immune cells can be visualized and quantified per lung lobe.”®¥ In cardiovascular biology, the capillary density can be assessed in disease
models, morphological changes and infarction extent analyzed, and inflammation visualized.”*¥"??>) The atherosclerotic plaques and plague content can be
quantified in the aorta and arteries.”"P72)
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visualization of small-molecule receptor engagement and distri-
bution in the brain will help in future drug development
work.‘l)S")'(1)5l)

LSFM has so far only been used in few studies on drugs rele-
vant to psychiatric disorders. Whole-brain imaging was used to
study the mechanisms of psilocybin action, a naturally occurring
psychedelic and preferential 5-HTjs24 agonist with
anti-depressive efficacy. LSFM data indicated that psilocybin
treatment resulted in an increase in the number of c-Fos-

positive cells in a large part of neocortex, spanning somatosen-
sory, motot, visceral, auditory, gustatory, agranular insular, and
temporal regions.P°*» %) Antipsychotic drugs are associated
with adverse metabolic effects, notably obesity and diabetes.
Conceptually, developing novel therapeutics with preferential
action in brain regions related to the psychiatric disorder, but
at the same time modulating the activity in appetite-
regulating regions, could therefore be beneficial in the develop-
ment of next-generation antipsychotics. As an example of this

Drug Discovery Today
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approach, trace amine-associated receptor 1 (TAAR1) agonists,
which are in clinical development for depression, anxiety,
and addiction, have recently been characterized by LSFM,
which indicated potent activation of brain regions regulating
both mood and food intake, with considerable overlap with
regions well known to be activated by GLP-1R agonists (see
above).P°®

Disease pathology and drug efficacy characterization
Whole-organ imaging provides a unique opportunity to charac-
terize animal models of human diseases and quantify preclinical
drug efficacy. LSFM can be instrumental for demonstrating
changes in disease-associated cell populations (i.e., leukocytes
and fibroblasts), characterizing up- or downregulation of cellular
signaling pathways, and visualizing morphological changes in
the tissue. Overall, LSFM is highly customizable to visualizing
and quantifying endpoints relevant to diverse diseases and drug
classes (Figure 3).

As an example of applying LSFM in neurodegenerative dis-
eases, a mouse model of AD was treated with either the B-
secretase 1 inhibitor NB360, an antibody targeting of, or the
amyloid-binding small molecule LIN5044. The brains were
stained with fluorescent dyes (polythiophenes qFTAA and
hFTAA), distinguishing plaques in early development and older
plaques. This method permitted accurate assessment of total pla-
que numbers, volume, and maturation following mapping to a
reference brain atlas. Although the study demonstrated limited
efficacy of the off antibody, a strong beneficial effect was seen
for both NB360 and LIN5044. Intriguingly, whole-brain analysis
demonstrated largely divergent effects of these compounds on
AD pathology. LIN5044 was primarily effective in rostrodorsal
parts of the brain and in reducing the growth of existing plaques,
whereas NB360 was effective in the ventrocaudal aspects of the
brain, affecting plaque formation in young mice, with limited
effect on their subsequent growth. These data provide a better
understanding of the different effects of therapeutics on primary
and secondary plaque nucleation and growth, and help to design
clinical trials and interpret the resulting data.”®” A LSFM pipe-
line has also been established for key Parkinson’s disease end-

points, quantifying brain-wide tyrosine hydroxylase expression
and neuronal counts in the affected midbrain regions, **® which
will enable testing of novel drug candidates targeting the
dopaminergic system.

3D LSFM is particularly powerful in the analysis of vasculature
because the complex capillary network is difficult to capture on
2D histological sections (Figure 4j, k). Vascular pathology is com-
mon across a large variety of diseases and, thus, the methodology
has broad applicability. With LSFM of cleared samples, one can
capture several parameters, including vascular branch point den-
sity, regional changes in vascular diameter, and stochastic vascu-
lar malformations.”*? LSFM was applied for quantification of
vascular pathology in an oxygen-induced retinopathy mouse
model, commonly used to study the vascular changes arising in
diabetic retinopathy. Compared with vehicle-dosed controls,
3D eye scans from mice treated with everolimus (an mTor inhi-
bitor) demonstrated a reduction in vascular tuft volume and
improved tuft morphology, providing mechanistic insight into
the MoA of the drug.®’” Capillary rarefaction manifests in
myocardial infarction and accompanies tissue fibrosis, resulting
in loss of myocardial contractility. 3D imaging has been estab-
lished for precise analysis of avascular area and capillary rarefac-
tion in a left descending coronary artery ligation mouse model of
myocardial infarction.P**»#25  Spatial segmentation of the
infarcted heart into infarct zone, border area, and healthy myo-
cardium in parallel with capillary density analysis demonstrated
an effect of the ACE inhibitor captopril on vascular density in the
border zone.”*® LSFM can also be applied to large blood vessel
analysis (Figure 41, m) and has been used to quantify atheroscle-
rotic plaques in the aorta and its arterial branches.” 72

LSFM is ideally suited for oncology research. Tumor metastasis
is highly variable, making it challenging to analyze using con-
ventional histology, whereas standard whole-body imaging
modalities lack sufficient resolution to detect small metastases.
With LSFM, one can rapidly image organs or, at a lower through-
put, even the entire mouse to detect tumor metastasis and delin-
eate desired intratumor therapeutic targets. For example, blood
vessel development in tumors has been an active drug target
and anti-angiogenic therapies are used for blunting tumor

<

Examples of light sheet fluorescence microscopy (LSFM) application in diverse organs and disease models. (a) Intact rat brain, cleared in ethyl cinnamate and
positioned in customized quartz cuvette, ready for imaging using a Bruker Luxendo LCS SPIM microscope. (b) Intact cleared mouse brain stained with
antibodies against endothelial marker CD31 (magenta), venous vasculature-enriched Von Willebrand factor (cyan), and arterial smooth muscle marker
transgelin/SM22a (yellow). (c—e) Individual channels of the image in (b) shown separately. Same area is magnified on a 2D digital plane in the top-left corner.
(f) Mouse whole-brain mRNA in situ hybridization, mapping the expression of the dopamine transporter (DAT) gene (Slc6a3) in blue and the norepinephrine
transporter (NET) gene (Slc6a2) in glow. Brain background fluorescence is shown in gray. (g) Substantia nigra (DAT expression) and locus coeruleus (NET
expression) of the brain in (f) magnified to demonstrate the single cell resolution of MRNA imaging. (h) LSFM imaging of mouse brain stained for GFP (in
glow) 2 weeks following stereotactic dosing of AAV9-CAG-GFP virus into the entorhinal cortex. (i) LSFM imaging of mouse brain stained for c-Fos (in glow,
marker of neuronal activation), as determined 2 h after single dosing with semaglutide, a glucagon-like peptide-1 (GLP-1) receptor agonist. The amygdala
region is magnified in the box. Brain background fluorescence is shown in gray. (j) Visualization of mouse retina stained for CD31. (k) Mouse soleus muscle,
where capillary blood vessels are visualized following in vivo dosing of DyLight 649-labeled tomato lectin. (I) Transgelin (SM22a) immunohistochemistry in
intact mouse heart. (m) Visualization of immune cell infiltrates (CD45 immunohistochemistry, glow) within aortic atherosclerotic plaques in a diet-induced
obese mouse dosed with AAV encoding for proprotein convertase subtilisin/kexin type 9 (PCSK9-AAV). (n) LSFM imaging applied to a rat model of polycystic
kidney disease. The kidney was imaged in autofluorescence wavelength and cysts (yellow) were detected by computational image analysis. (0) Visualization
of podocin (glow) and kidney injury molecule 1 (KIM1, cyan) immunohistochemistry in a ReninAAV-UNx db/db mouse model of hypertensive diabetic kidney
disease. (p) 3D visualization of insulin-labeled islets in the entire healthy mouse pancreas. (q) Visualization of inflammation (CD45, glow) and vascular smooth
muscle (transgelin, blue) in white adipose tissue samples from a diet-induced obese mouse model of metabolic dysfunction-associated steatohepatitis. Scale
bars: 1T mm (b-i, I-p) and 100 um (j,k).
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growth. LSFM imaging revealed how axitinib/gemcitabine
cotreatment reduced the number of small-diameter vessels and
vessel branching in tumors without affecting overall vascular
density in a medulloblastoma model.””® Inhibition of cancer
cell proliferation by therapeutics could also lead to tumor shrink-
age. An interesting approach to study cell proliferation in 3D is
by transplanting mice with cancer cells expressing a fluorescent
cell cycle indicator (Fucci). The Fucci lentiviral vector results in
cells expressing GFP in M and G2 phase and red fluorescent pro-
tein (RFP) in G1 phase. LSFM of mice treated with a 5-fluorouracil
cell cycle inhibitor showed a marked shift from red fluorescent
tumors to green fluorescent tumors, indicating G2/M arrest,
before resulting in cell death and tumor shrinkage.*’* Current
drug discovery efforts in oncology are often focused on modulat-
ing the immune response to the tumors. Whole-organ imaging is
beneficial for detecting immune cell subsets in large tissue vol-
umes and assessing the treatment response. Using fluorescent
nanoparticles, tumor-associated macrophages were visualized in
lung cancer mouse models and the effect of Pexidartinib
(PLX3397), a tyrosine kinase inhibitors of CSF-1R (Colony stim-
ulating factor 1 receptor) on reducing the density of the macro-
phages was shown.?”®

With tissue clearing and LSFM, it is possible to image entire
rodent kidneys and map pathological changes in every glomeru-
lus and in the vasculature at the capillary level, plus studying the
different segments of the kidney tubules (Figure 4n, o). In a
nephrotoxic nephritis mouse model of human crescentic
glomerulonephritis, LSFM indicated a spatially patchy pathology
with a reduction in glomerular count at 2 weeks following dis-
ease induction. The loss of approximately one-third of glomeruli
was particularly evident in glomeruli with small- and medium-
sized tufts and was associated with an increase in the albumin:
creatine ratio.”'? In the context of diabetic nephropathy, using
uninephrectomized (UNx) db/db mice, an increase in mean
glomerular volume was detected, whereas the total number of
glomeruli did not change.””® In a relatively more advanced
model of hypertensive diabetic kidney disease (ReninAAV UNXx-
db/db mice), LSFM was applied to demonstrate the effect of
cotreatment with an angiotensin I converting enzyme (ACE)
inhibitor (lisinopril) and a sodium/glucose cotransporter 2
(SGLT-2) inhibitor (empagliflozin) on reducing glomerular
hypertrophy.””” 3D imaging has also been used to characterize
pathological changes in kidney innervation following acute
ischemia reperfusion injury, showing that nearly 70% of the
sympathetic nerves are lost.”'® In addition, the length of tubu-
lar segments can also be visualized and quantified in cleared kid-
neys?’® as well as accumulation of immune cells.”’? Last,
imaging has been implemented to demonstrate loss of peritubu-
lar capillaries and reduction in vascular branching in mouse
model of chronic tubulointerstitial nephritis.P*

Similarly to kidney glomeruli, LSFM can be applied to detect
all pancreatic islets and quantify the total insulin-producing
cell volume in healthy and diabetes mouse models (Fig-
ure 4p).P¥V (P52 Dosing of mice with the insulin receptor antag-
onist $961 resulted in an overall increase in islet number and size

as well as cell proliferation within islets, indicating the suitability
of 3D light sheet imaging for characterizing treatment effects
across the entire pancreas.”®” LSFM was demonstrated equally
suitable for detecting immune cell accumulation around and in
the islets in a mouse model of type 1 diabetes mellitus
(T1DM).*?) Detailed characterization of a TIDM mouse model
illustrated a large reduction in both islet volume and count,
affecting in particular the large islets and duodenal lobe, accom-
panied by increased innervation of remaining islets.”®" The
results suggest reorganization of pancreatic islet innervation in
diabetes, which could represent a new therapeutic avenue."®"

The application of LSFM is also being evaluated for many
other diseases. Imaging of entire lungs at high resolution brings
the benefit of detecting sparsely located inflammatory foci and
quantifying these in the context of airways in individual pul-
monary lobes, for example in asthma models.”®” LSFM holds
also great promise for reproductive organ diseases and drug
development for fertility, for which oocyte maturation and
count can be quantified in entire ovaries"®** or tubular morphol-
ogy analyzed in the testis.”®> For the digestive system, LSFM has
been applied to study enteric innervation, visualize distribution
of microbiota, and characterize the morphology of the intestinal
surface. P?®(P80.(P87) Whole-organ imaging can also be valuable
for assessing skeletal muscle morphology, distribution of neuro-
muscular junctions, as well as adipose tissue morphology and
inflammation (Figure 4q)."%®" %9 QOverall, imaging the entire
organ provides better sensitivity to detect even small treatment
effects during the early drug discovery process and could help
to select the best drug candidates for further development.

Toward applying LSFM on human samples

There has been consistent interest in imaging tissue samples
from clinical biopsies, with several methods optimized for
human samples. As an example, LSFM was applied to study the
entire human pancreas, showing unexpected heterogeneity in
islet composition, with nearly half of islets containing only a
few glucagon-producing a-cells.”'® Similarly, pancreatic islet
innervation was characterized using human pancreas tissue sam-
ples. Y LSFM was also implemented for describing plaque mor-
phology and density in archival brain samples from patients
with AD, revealing large amyloid aggregates comparable to those
found in standard mouse models of the disease, lending further
support to the translatability of these models.”** Advances in
LSEM and tissue preparation could have a large impact on the
analysis of patient biopsies. First, research has focused on provid-
ing a 3D imaging alternative to classical histological staining
methods. Using staining with fluorescent analogs of Hema-
toxylin and Eosin together with tissue clearing and LSFM, a rapid
pipeline for 3D pathology was established, compatible with
diverse healthy and pathological tissue types.??? ®?" Similarly,
a fluorescent analog for Periodic acid-Schiff (PAS) staining was
used to assess the 3D architecture of colonic crypts in inflamma-
tory bowel disease.””” LSFM could be particularly valuable in
clinical oncology research. Of particular interest is a study
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focused on cancer detection in sentinel lymph nodes. These
lymph nodes are commonly screened for metastases following
removal of the primary tumor and the procedure relies on the
assessment of a histological section through the tissue. Head-
to-head comparison of standard histology and LSFM in 21
patient samples demonstrated that 3D whole-lymph node LSFM
could detect all metastatic lymph nodes that were detected by
standard histological methods and could in addition also reveal
metastases that remained undetected in histology.””* Similar
conclusions were drawn in another study on breast cancer sam-
ples, 3D imaged for epithelial and cell proliferation markers.
The results revealed well-preserved morphology and could detect
variability in cell proliferation that was not detectable in stan-
dard histology.*?* Altogether, although 3D immunohistochem-
istry takes longer, it benefits from higher precision and could in
the end have a significant impact on treatment course and the
conclusion of drug efficacy.

Concluding remarks and future perspectives

Recent advances in tissue clearing, labeling, and microscopy
techniques have significantly improved our ability to image var-
ious tissues and detect the distribution of drugs, proteins, and
mRNAs. These developments have been accompanied by signifi-
cant efforts to automate sample handling, increase imaging
speed, and improve image analysis workflows. These advance-
ments are set to expand the use of LSFM in preclinical and clin-
ical research and eventually to be implemented in routine
pathology workflows. Automated data processing and artificial
intelligence (Al)-based analysis workflows are of key significance
in the LSFM workflow. Such computational obstacles can remain
a significant barrier for smaller research teams without dedicated
infrastructure and computational analysis support. Both com-
mercial and open-source platforms that help to make Al-based
analysis of large 3D images user-friendly can help break down
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