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Phenotypic screening

Assay systems that enable
quantifiable measurements of
cell phenotype or function that
can be used to guide
compound selection or
iterative chemical design, often
in the absence of any prior
knowledge of an intended drug
target.
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Developments in preclinical
cancer imaging: innovating the
discovery of therapeutics

Despite the high number of promising lead compounds
that enter the drug discovery pipeline, several challenges
must be overcome to support their clinical application
(FIG. 1). Owing to unforeseen side effects or lack of effi-
cacy in live disease tissue, a high attrition rate of can-
didate drugs remains during development'. Limited
efficacy often results from inefficient inhibition of the
intended drug target and/or compensatory or redun-
dant disease mechanisms. Similarly, a lack of dynamic
or reversible readouts of drug action in more complex
disease settings may contribute to the high attrition rates
that we observe when drugs enter clinical trials**. To
minimize late-stage failure, we must improve early drug
discovery strategies and preclinical modelling to better
mimic and thereby predict clinical response in the target
tissue environment®.

Target-based screening approaches are those in
which rational molecular targets that are hypoth-
esized to have a role in disease have been the focus of
drug design. This has been the predominant strategy
operated by the pharmaceutical and biotechnology
industry for the past 25 years and represents the vast
majority of drug discovery projects. In contrast, auto-
mated image-based phenotypic screening technologies
are those in which the identification and optimization
of chemical leads are based on cellular phenotypic or
functional endpoints, rather than target potency alone
(reviewed in REF. 9). Interestingly, a retrospective ana-
lysis of all drugs approved by the US Food and Drug
Administration (FDA) between 1999-2008 indicated
that of first-in-class small molecule medicines approved,
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Abstract | Integrating biological imaging into early stages of the drug discovery process can
provide invaluable readouts of drug activity within complex disease settings, such as cancer.
Iterating this approach from initial lead compound identification in vitro to proof-of-principle
in vivo analysis represents a key challenge in the drug discovery field. By embracing more
complex and informative models in drug discovery, imaging can improve the fidelity and
statistical robustness of preclinical cancer studies. In this Review, we highlight how
combining advanced imaging with three-dimensional systems and intravital mouse models
can provide more informative and disease-relevant platforms for cancer drug discovery.

37% (28 drugs) were initially identified by a pheno-
typic discovery approach, relative to 23% (17 drugs)
identified by target-directed drug discovery®'®. Thus,
complementary to target-directed approaches, high-
throughput phenotypic image-led drug discovery may
present a productive methodology for the identification
of novel first-in-class medicines.

In this Review, we describe how the application of
emerging advanced high-throughput in vitro and intra-
vital imaging technologies can be integrated into stand-
ard drug project operating models (DPOMs) (FIG. 1).
We highlight current fluorescence-based technologies,
as well as biosensors, and how these technologies can
provide quantitative information on drug activity,
with high spatial and temporal resolution. We show
how mimicking the three-dimensional (3D) micro-
environment of disease can be used to bridge the gap
between in vitro and in vivo drug development, and
we demonstrate the power of real-time, non-invasive
and repeated intravital imaging approaches for innova-
tion of both target-based and phenotypic-based drug
discovery strategies.

Advanced image-based screening techniques
Image-based phenotypic screening approaches can pro-
vide high-throughput in vitro readouts of key parameters
that represent commonly desired properties of anti-
cancer therapies. These phenotypic readouts can include,
for example, changes in morphology' (including
cytoskeletal remodelling'?), proliferation'®, migration',
cellular trafficking'® and cell cycle progression's.
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Key points

¢ Advanced fluorescence-based imaging, three-dimensional intermediate systems
and intravital mouse models can be integrated into the standard drug project
operating model (DPOM) to better inform the development and selection of new

candidate drugs.

Intermediate systems provide initial three-dimensional imaging early in the drug

discovery process to support translational cancer research in more physiologically
relevant in vitro settings and identify deficient or ineffective drug strategies earlier in
the drug discovery pipeline.

In vivo advanced imaging techniques can be used to assess more complex questions,

such as transient protein—protein interactions or molecular, cell or tissue-specific
dynamics in response to drug treatment in live tissue.

Biosensors are now providing dynamic and reversible fluorescence-based readouts of

drug targeting, allowing drug turnover, clearance and dissociation to be monitored in

real-time.

Stromal targeting of the tumour microenvironment is a vital aspect of cancer drug

development, which can be quantified using advanced imaging techniques, such as
second harmonic generation (SHG), third harmonic generation (THG) and
fluorescence lifetime imaging microscopy (FLIM).

Longitudinal imaging through intravital imaging windows can give quantitative

functional information from repeated, non-invasive imaging and drug endpoint

analysis in real-time.

First-in-class small molecule
medicines

Newly approved medicines
that have novel mechanisms of
action, distinct from anything
else on the market.

Target-directed drug
discovery

A contemporary strategy for
the identification and
optimization of lead molecules
and candidate drugs based on
achieving high levels of potency
and specificity against a
nominated target that is
implicated in disease
progression.

The recent incorporation of more advanced fluores-
cence-based assays into high-throughput image-based
drug discovery platforms is now providing less descrip-
tive, highly dynamic, fluorescence readouts in target
cells, both in vitro and, more recently, using intravital
imaging in vivo (TABLE 1). Examples of these dynamic
fluorescence readouts include bimolecular fluorescence
complementation (BiFC), fluorescence resonance
energy transfer (FRET; also known as Forster reso-
nance energy transfer), photoswitching or photoactiva-
tion, fluorescence recovery after photobleaching (FRAP)
and fluorescence lifetime imaging microscopy (FLIM).

BiFC. BiFC enables measurements to be recorded for
protein—protein interactions in which two halves of
a fluorophore are intramolecularly linked to separate
proteins of interest. The irreversible re-association of
fluorescent protein fragments can then be used to detect
whether an interaction takes place between tagged pro-
teins of interest, as implied through complementation
of the whole fluorophore (TABLE 1). In this way, BiFC has
been used to investigate transmembrane domain recep-
tor signalling!, autophagy'®, cellular stress'® and, recently,
in vivo protein—protein interactions®. In addition, BiFC
can be used to monitor protein degradation and stabil-
ity by using fluorescent-protein fragments fused to ubiq-
uitin and a substrate protein. As in other BiFC studies,
the association of ubiquitin to its substrate protein brings the
fluorescent protein fragments together and generates
a fluorescent signal that can be used for real-time track-
ing of ubiquitylation and protein degradation®. This can
be used in early drug treatment studies, when ubiquitin-
mediated degradation and other post-transcriptional
modifications, such as sumoylation, can affect efficacy?*.

FRAP and photoswitching or photoactivation. FRAP
and photoswitching or photoactivation of fluorescent
proteins tagged to a protein of interest have been used
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to investigate key biological processes in diseases such as
cancer. To carry out FRAP analyses, the specific regions
of interest, which are marked with fluorescent proteins,
are photobleached and the recovery rate of the fluores-
cence signal is monitored. FRAP readouts have allowed
the quantitative assessment of membrane dynamics®-%,
subcellular diffusion analysis***', chromatin associa-
tion***” and sub-nuclear domain exchange or shuttling
in response to drug treatment*. Furthermore, FRAP has
been used to measure protein-protein interactions*-*!,
identify multiprotein complexes®**> and demonstrate
DNA and protein interactions during different stages of
the cell cycle**~*. FRAP-based approaches have also been
used to monitor the subcellular stability of molecules
that are known to hold tumour cell populations together,
such as E-cadherin, in the context of anti-metastatic
drug treatment®* or in response to endocytic or integrin
inhibition in vivo®.

Photoswitching or photoactivation makes use of
photoswitchable or photoactivatable fluorescent pro-
teins. After activation or switching to a different colour,
tagged proteins or cells of interest can be tracked, thereby
giving quantifiable measurements of cellular dynamics
over time. Photoswitching or photoactivation has been
used to assess cellular motility**~*%, morphology*, the
transport of cytosolic proteins™ or to track endocytic or
vesicular trafficking events™*2. Photoswitching or photo-
activation technology has been used in vivo to tag and
track individual tumour cell populations using repeated
imaging of the same area over time*>**. In this way, the
effects of drugs on cell motility, mode of invasion and
the persistence of movement can be monitored over
short-to-long time periods in distinct locations within
the tumour mass. Photoactivation has also been used to
monitor in vivo changes in plasma membrane dynamics
at subcellular resolution, which have a vital role in cell
motility and invasion**.

FRAP and photoswitching or photoactivation have
also been applied in 3D systems to monitor early tumour
dissociation dynamics or the activity and localization of
matrix metalloproteinases (MMPs) during cell invasion
and drug administration®>*. Therefore, the application of
these technologies provides easily accessible fluorescence
readouts for monitoring protein reactions or to track
cells over extended time courses. This could promote
their application in early drug development pro-
grammes, from hit identification to lead optimization
within the DPOM (FIG. 1; TABLE 1).

FRET. Similar to BiFC, FRET can be used to measure
protein—protein interactions. FRET refers to the non-
radiative transfer of excited state energy between colocal-
ized donor and acceptor fluorophores™?. As this occurs
when fluorophores are in close proximity (~5nm), FRET
signifies a molecular interaction between fluorescently
labelled proteins. This lends FRET to studies of intra-
molecular and intermolecular protein interactions and
FRET has been used to monitor cell-cell adhesion*, cell
invasion®, MMP activity®**, apoptosis® and for real-time
monitoring of cell division®*. Importantly, unlike BiFC,
FRET is reversible and therefore allows the dissociation of
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Anisotropy

The anisotropy of a molecule is
assessed through the
simultaneous measurement of
orthogonally polarized
fluorescence relative to the
polarization of the excitation
light. Factors that determine
the degree of anisotropy are
protein mobility and molecular
orientation. As a consequence,
anisotropy can be used as a
powerful and sensitive readout
for binding and screening
assays of protein behaviour
and interactions.
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the interaction to be measured. For example, a reversible
FRET biosensor has recently been used to monitor both
the inactivation and reactivation kinetics of SRC kinase
in live tumours after drug clearance, thereby helping to
inform and optimize the frequency of drug administra-
tion for maximum benefit®. FRET can therefore be used
to monitor reversible reactions or loss of drug-target
potency over time, and it is ideally suited to the lead opti-
mization and pharmacodynamic arm of the DPOM?>$70-73
(FIC. 1; TABLES 1,2). Furthermore, photoactivatable fluores-
cent proteins are now facilitating photoactivation-FRET
through both intramolecular biosensor development”
and intermolecular interactions’>”°, in which the donor
or acceptor fluorophores are only active upon photo-
activation (TABLE 1). In this way, the fluorescence readout
or subcellular application of FRET can be dynamically
controlled, while reducing the effects of phototoxicity.

High-speed FLIM-FRET. More recently, techniques that
enable the rapid quantification of fluorescence have facil-
itated high-speed FRET analysis. This is suitable for high-
throughput molecular or chemical screening for early hit
and lead identification within the DPOM (FIC. 1). One
such technique is FLIM, which has been used to measure
the excited state lifetime of the donor fluorophore in a
FRET interaction. The donor lifetime is reduced when
fluorophores are in close proximity (~5nm) and, thus,
can provide a precise measurement for drug activity,

Basic profiling of
target function using
in vitro imaging or
phenotypic assays

Advanced imaging
techniques to

measure reversible
reaction dynamics

Evaluate targets
in three dimensions

Profile candidates
using intravital
imaging

Translation from
intravital imaging
to clincial
diagnostics

Figure 1| Applications of image-based high-content screening and intravital
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protein interactions and protein activation both in vitro
and in vivo’”%. In addition, FLIM measurements of
FRET are insensitive to artefacts caused by variations in
fluorescent protein levels, which can be problematic for
standard FRET microscopy (reviewed in REFS 3,83-86).
Furthermore, an advantage of FLIM over other meth-
ods is the use of fluorescence lifetime measurements of a
target as an internal control before drug treatment. This
lends FLIM-FRET to studies of drug treatment in more
complex in vivo settings, where the application of FLIM
to measure FRET has successfully been applied with
high spatial resolution. Thus, FLIM-FRET is particularly
appropriate to those treatments focused on the invasive
borders of tumours, where both immune®*° and stro-
mal’** interactions are reportedly increased. Advances
in this field have led to the development of high-speed
FLIM-FRET to measure FRET interactions, and this can
be applied in an automated high-throughput manner?.
For example, high-speed FLIM was used to simultane-
ously monitor RAS GTPase activation (upon epidermal
growth factor stimulation) with Ca** signalling®. This,
along with the high-throughput FLIM identification of
tyrosine phosphorylation feedback networks in breast
cancer”, highlights the potential application of FLIM for
uncovering redundant or compensatory signalling events
in response to various drug treatment regimens, dur-
ing the target validation to optimization stages of drug
development (FIG. 1).

Anisotropy. Further to the applications of FLIM-
FRET is anisotropic imaging. The anisotropy of a mole-
cule is assessed through the simultaneous measurement
of polarized fluorescence in perpendicular and parallel
directions. Anisotropy is affected by various factors,
such as protein mobility and molecular orientation.
Such anisotropic measurements can be recorded on
both confocal and wide-field microscopes and are
progressing imaging studies towards high-throughput
settings that are suitable for hit and lead identification
phases of the DPOM (FIC. 1). Anisotropy has been used
to assess key processes, such as chromatin compaction
following drug treatment®, cell membrane fluidity®
and DNA digestion by nucleases®. In addition, aniso-
tropy is well suited to the measurement of Homo-FRET
(a process where FRET occurs between two or more
identical fluorophores) and has been used to moni-
tor oligomerization of specific protein targets, such as
glycosylphosphatidylinositol (GPI)-anchored proteins,
in living cells”. Such measurements of clustering or
self-association of proteins tagged with fluorophores
may give functional information at the single-molecule
level during drug treatment, and they could offer
greater precision in the investigation of therapies
that target the dissociation of molecular clustering.
The recent use of automated fluorescence aniso-
tropy imaging in a Hetero-FRET protein-protein
interaction assay (a process in which FRET occurs
between two non-identical fluorophores) showed
the advantages of higher dynamic range and faster
speed of anisotropic imaging compared to standard
FLIM-FRET microscopy®.
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Table 1| Settings, advances and challenges in drug discovery imaging

Technique
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Cell tracking
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Advantages in drug discovery imaging

e Stable monitoring of protein—protein interactions

* Maintains cellular spatiotemporal context of protein
interaction networks

¢ Low background

* High specificity

e Simultaneous detection of multi-protein complexes

* Can monitor protein modifications (e.g. ubiquitylation
or sumoylation)

¢ Facilitates monitoring of protein stability and
degradation rate over a long time course with
spatiotemporal resolution (e.g. UbFC)

* Capacity to measure specific protein—protein
interactions, including strength and stability at the
subcellular level in vitro and in vivo

* Measures the immobile fraction and the diffusion
coefficient of protein targets

* Precise analysis of stoichiometry and kinetics of
macromolecular interactions

¢ |[dentification of specific post-translational
modifications and peptide motifs that govern
molecular interactions

¢ Design of functional assay endpoints (e.g. DNA damage
response) that are suitable for monitoring drug
intervention studies

e Track cell mobility within the same tissue or distant
locations (e.g. imaging and monitoring metastasis
formation or drug response)

* Monitor intracellular vesicular trafficking events

* Monitor subcellular protein turnover and diffusion

e Tracking of cell division and morphology changes

* Observation of post-translational modification and
degradation

* Tracking of immune responses

¢ Improved subcellular resolution and reduced
phototoxicity to monitor protein—protein interactions
when combined with FRET (photoactivation-FRET)

e Reversible interactions can be measured

¢ Distinct drug targets and redundant mechanisms can
be measured simultaneously

¢ Can be used to measure donor lifetime

¢ Increasing availability of intramolecular biosensors (see
TABLE 2)

Challenges in drug discovery imaging

* |rreversible process that cannot monitor loss of
response (e.g. upon drug treatment)

* Toxicity or mislocalization due to overexpression of
proteins

* Potential interference of interactions via fusion protein

* Exogenous expression of tagged fusion proteins
may show distinct turnover rates and therefore
altered degradation profiles relative to endogenous
counterparts

* Low throughput and biased sampling of regions of
interest

e Stability of the region of interest in vivo

* Need to account for bleaching spot sizes and the
number of bleach scans

¢ Normalization with post-bleach profile required

* |dentification of specific molecular components that
dictate diffusion and interaction dynamics of tagged
proteinsin cells

e Intrinsic blinking can lead to over-counting

* Incomplete photoactivation or photoswitching may
lead to loss of sensitivity

¢ Protein oligomerization may introduce artifacts

e Short wavelength light commonly used for
photoactivation and photoswitching can induce
phototoxicity in cells

* Requires careful control of expression levels and ratio
of proteins of interest

e Fluorescent proteins with multiexponential decay
curves may require dual measurements

* Gentically engineered mouse models expressing FRET
biosensors require careful selection of promotor or
expression level for physiologically relevant tissue and
lineage-specific expression

BiFC, bimolecular fluorescence complementation; FRAP, fluorescence recovery after photobleaching; FRET, fluorescence resonance energy transfer; P, phosphorylation;
UbFC, ubiquitin-mediated fluorescence complementation.

Extracellular matrix

(ECM). A reinforced composite
of structural proteins that is
primarily composed of
collagen and tissue-specific
inclusions (for example,
fibronectin and laminin), as well
as other metabolites secreted
by cells. The ECM provides
structural support and
biochemical signals for
multicellular tissue and organ
systems.

FRET-based biosensors and drug-target readouts. In
many preclinical studies, plasma drug concentrations
are used as a surrogate to read out pharmacokinetic
parameters, such as drug perfusion, delivery and reten-
tion. Although important, plasma drug concentrations
cannot measure other factors that influence drug effi-
ciency. These factors include target inactivation within
the tumour cells or target tissues, as well as changes
in the microenvironment that influence drug penetra-
tion of solid tissues, such as tumour-stromal interactions
and extracellular matrix (ECM) relaxation. In line with
this demand, FRET-based biosensors allow dynamic
readouts of drug activity within target cells. Presented
in TABLE 2 is a non-exhaustive list of intramolecular
FRET-based biosensors with potential in vivo applica-
tion for cancer research and drug discovery. These have

been broadly classed into five themes: cleavage-based,
substrate-based, binding-domain-based, and tag- or
sensitivity-based biosensors.

Cleavage-based biosensors are those in which the bio-
sensor itself is irreversibly cleaved by the protein in ques-
tion, such as those describing membrane-type-1 MMP
(MT1MMP; also known as MMP14)62-6499100 and
caspase 3 (REFS 71,101,102), for which loss of FRET
upon cleavage of the biosensor can be used to measure
activity. Cleavage-based sensors can read out numer-
ous biological processes, including the activation of
caspase 3 in cancer’"'""'%, which is important for the
induction of apoptosis in response to both the extrinsic
and intrinsic signalling pathways. Despite successful
application of caspase 3 biosensors upon drug treatment
in vivo'**1%, for which reversibility of the biosensor is
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not required after cell death, the irreversible loss of
FRET post-cleavage means that subtle rates of cleavage
could be ‘drowned out’ by the overwhelming presence
of the active form of the biosensor, and inactivation

of the relevant pathways upon drug treatment may be
missed. Similarly, biological processes such as reversal
of MMP activity upon drug treatment during inva-
sion may be more difficult to monitor, owing to high

Table 2 | Intramolecular FRET biosensors for in vivo cancer research*

Role Target(s) Pathway(s) relevant to cancer Refs
Cleavage based
Apoptosis Caspase 3 e Caspase-dependent cell death 65,101,289,290
e Inflammatory response
Caspase 8 Apoptosis 291
Autophagy ATG4A or ATG4B Autophagosome biogenesis 292
ECM remodelling MT1MMP e Cell migration or invasion 62-64,99,100
¢ Cell adhesion
Substrate based
Cell division CDK or cyclins e Cell cycle progression 68
* Proliferation
PLK1 * DNA damage response 293
e Cell cycle progression
Signal transduction AKT e Survival 107-110
* Metabolism
(A5 * Apoptosis
ERK e Extracellular signal transduction 294
* Proliferation
e Differentiation
Cell-cell adhesion FAK * Cell adhesion 59
* Proliferation
* Integrin-mediated signalling cascades
SRC e Differentiation 60,106
* Migration
* Proliferation or survival
Immune system CRKL * Oncogenic signal transduction 295
(BCR-ABL) o Proliferation
e Survival
¢ Cell adhesion
ZAP70 e Signal transduction 296
* TCR sensitivity
Binding domain based
Motility RHOA, RAC and CDC42 e Actin cytoskeletal remodelling 66,112
e Cell—cell junction dynamics
e Cell motility
* ROS production
* Proliferation
RAS e Tumour initiation 111
* Proliferation
e Differentiation
Tag based
Metabolism ATP Intracellular energy transport 119
Glutamate Protein metabolism 118
Glucose Respiration 117
Sensitivity based
Hypoxia O, Energy homeostasis 121
Stress pH e Cytosolic homeostasis 122,123

* Enzymatic processes
¢ Cell cycle progression
e Cell proliferation

* Apoptosis induction

CDC42, cell division control protein 42; CDK, cyclin-dependent kinase; CRKL, CRK-like protein; ECM, extracellular matrix; FRET,
fluorescence resonance energy transfer; FAK, focal adhesion kinase; MTIMMP, membrane-type-1 MMP; PKB, protein kinase B; ROS,
reactive oxygen species; TCR, T cell receptor. *The table is non-exhaustive and used only to show the potential use of biosensors
invivo. We apologize for probes that are not cited owing to space constraints. A more extensive list can be found in REF. 141.

318 | MAY 2014 | VOLUME 14

www.nature.com/reviews/cancer

© 2014 Macmillan Publishers Limited. All rights reserved



levels of the active form of the biosensor masking
inactivation in vivo. Thus, when the biological process
being addressed is reversible, reversible biosensors are
desirable for dynamic drug studies.

Substrate-based biosensors are tagged proteins that
are phosphorylated by the target in question. These bio-
sensors function as surrogate markers for targets such as
SRC1% focal adhesion kinase (FAK)* or AKT-11° and
provide advantages over cleavage-based probes, as they
can be de-phosphorylated, thereby giving the reversibil-
ity that is required for dynamic drug studies. This type
of biosensor was used to compare drug uptake with SRC
inactivation using FLIM-FRET in live tissue®. In addition
to monitoring drug turnover and clearance, this method
revealed that SRC activity is increased at the invasive bor-
der of the tumour, thereby demonstrating spatiotempo-
ral drug activity, which could not have been discovered
using conventional techniques such as the measurement
of plasma drug concentrations. A possible limitation of
substrate-based biosensors is that they are based on the
modification of a distinct downstream substrate and
therefore infer upstream activation of the target of inter-
est. Moreover, the phosphorylation of other effectors
with potential relevance to the disease in question may
be undetected using these probes alone.

In contrast to these downstream substrate-based
probes, the RHO-family G proteins (Raichu series) are
based on a specific RHO-family member being revers-
ibly associated with an intramolecularly linked binding
domain, in a GTP-bound form, termed here as ‘binding-
domain-based biosensors’ (REFS 66,111,112). Although
such biosensors provide important insight into key pro-
cesses in vivo'* 16, RHO-family biosensors indicate the
balance of guanine nucleotide exchange factor (GEF)
to GTPase-activating protein (GAP) activity upstream
of the target and, thus, also infer activity in this setting.
Additionally, to maintain physiological relevance, strict
control must be maintained for expression levels of all
biosensors described here to avoid the sequestration or
alterations of upstream and/or downstream signalling
activity within cells.

Tag-based and sensitivity-based biosensors, such
as those for glucose'’, glutamate'® and ATP'", could
also provide spatiotemporal quantification of metabolic
changes in cancer. These biosensors are dependent on a
conformational change of a protein that has two domains
tagged with a FRET pair. For example, the use of a
dual-tagged glucose/galactose binding protein uses the
glucose- or galactose-induced hinge-twist, which, upon
binding, twists the fluorophores out of FRET range'’.
Similar to substrate-based and binding-domain-based
biosensors, these biosensors may be limited by their indi-
rect readout. Complementary validation of all types of
biosensor readouts, such as parallel immunohistochemi-
cal staining after intravital imaging'®, could facilitate
initial in vivo validation in this regard.

Sensitivity-based probes provide a dynamic method
for detecting levels of intracellular components, such as
oxygen'”' and pH'?*'%. These biosensors present a fast
and reversible readout of target levels, again inferring
activity, but without a loss of fluorescence efficiency or

REVIEWS

photostability, when compared with standard cyan fluo-
rescent protein variants'**'#. Blood flow, oxygen deliv-
ery and consumption, as well as hypoxia, are important
aspects of in vivo cancer biology, and dual imaging of
these factors that may influence tumour behaviour,
with altered drug-target signalling, could potentially
be co-monitored using these distinct but interdepend-
ent types of FRET biosensor readouts. Collectively, it
is important to acknowledge that although these bio-
sensors have great advantages over static images, to
avoid data misinterpretation, the user must be aware of
which specific molecular processes are read out by the
FRET probes.

Furthermore, the recent application of multiple
FRET-based biosensors within the same cell, with spec-
trally distinct fluorescent protein pairs, should allow the
simultaneous detection of multiple cellular processes
and improve the assessment of combination therapies
that aim to counteract redundant or acquired resistance
mechanisms®°>192126127 Eyrthermore, these multicolour
FRET assays are progressing towards high-throughput
screens on cell arrays to monitor parallel and distinct
molecular processes, within the same cell, thereby
increasing their potential applications within the lead
optimization arm of the DPOM”-# (FIG. 1).

As the use of biosensors has progressed, so has the
development of transgenic mice that express these probes.
Currently, transgenic mice that express intramolecular
FRET biosensors for protein kinase A (PKA)'?, ERK'*,
caspase 3 (REFS 104,105), Ca** (REFS 129-132), calpain'®
and cyclic AMP (cAMP)"**'%, as well as multiple G pro-
tein biosensor mice'’®, have all been developed. Our
recent generation of a RAC-FRET mouse, for example,
allowed spatiotemporal monitoring of RAC activity in
various organs within the body, in response to drug treat-
ment'"®. Hence, biosensor mice are now able to be bred
with cancer-type-specific disease models and thereby
expand our knowledge of how these targets behave in a
native host tissue, upon drug treatment. This is a substan-
tial shift in the field and, once it is coupled with the opti-
cal window technology as discussed below, will enable
real-time repeated imaging for use in dynamic drug dis-
covery strategies (see BOX 1 for how biosensors are being
improved for ease of use).

Imaging drug effects in cancer models

The development of fluorescent proteins and the tech-
nologies to detect them has run parallel with devel-
opments in 3D modelling and imaging in vitro and
in vivo'** 1! (FICS 2-4). 3D modelling has allowed the
assessment of distinct modes of tumour invasion'##,
the effects of hypoxia'*®'*, ECM remodelling®'*, recep-
tor dimerization'” and cancer-stromal cell interactions
in co-cultures™*"**, which cannot always be observed in
2D culture.

3D modelling of disease: engineering more predictive
models. 3D cell culture allows us to investigate whether
drugs that aim to prime the tumour microenvironment
could improve drug delivery and tumour cell sensitiv-
ity, when co-administered with anticancer therapies
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Intravital imaging windows
Windows that are surgically
implanted in a mouse to allow
repeated, non-invasive imaging
over a long time course.

in vivo. For example, findings within 3D spheroid
cultures' and cell-derived matrices'* have shown
increased drug resistance in ovarian'?, liver'*s, lung'®
and pancreatic cancer’® compared with drugs tested
in 2D systems'®".

3D modelling allows the study of several ECM factors
that influence malignant progression by changing matrix
architecture®'*s, stiffness'**'**1* or porosity!'®>1¢>1¢¢,
Mammary tumour cells, for example, show an increased
invasive ability in areas governed by high, compared to
low, biomechanical stress, driven by reciprocal ECM
signalling in vivo'®”'%, Furthermore, targeting of the
tumour-stromal compartment before chemotherapy has
been shown to improve the perfusion of drugs into solid
tumours in vivo'®'72 The use of multiphoton-based
second harmonic generation imaging (SHG imaging;
a ‘label-free’ technique that is often used to assess the
semi-crystalline architecture of the ECM using multi-
photon microscopy) is facilitating the investigation of
ECM attributes and allowing the drugs that affect them
to be examined in a more direct and quantitative man-
ner'”?'7*, Using state of the art imaging systems and
techniques, such as photoswitching or photoactivation,
FRAP and FLIM-FRET, to examine drugs in more com-
plex 3D in vitro and in vivo models could allow defi-
cient or ineffective drugs to be identified earlier in the
drug discovery pipeline, thereby streamlining validation
before more complex in vivo assessment'’®.

Intravital imaging in drug discovery. Low-resolution
whole-body imaging techniques, such as luminescence-
based approaches, have long been used in drug discov-
ery to monitor tumour progression and regression rates
from multiple tissue sites during drug treatment'”*°,
Although such amplified signalling techniques provide
vital information from organs deep within the body, they
have substantial disadvantages in their ability to provide
single cell or subcellular detail to inform comprehensive
drug discovery.

Box 1 | Improvements in FRET biosensors

Intravital imaging has gained this cellular detail by
tagging single cells, tissues and even subcellular com-
partments with fluorescent proteins, through direct
labelling of cells before exogenous inoculation in vivo
or by using tissue-specific promoters to drive expression
within organs of interest'®'"'*>, These methods have been
applied to monitor in vivo changes in invasion®"'*>'** and
protrusion dynamics''*'*>!%, and this has led to recent
work that shows altered modes of invasion, such as cell
streaming in patient-derived xenografts'¥’. Similarly,
tissue-specific expression of fluorescent proteins within
mammary tissue'®®'%, brain'**'*?, pancreas'”*'*, blad-
der™”, kidney'®, intestine'” " and skin'$>*"-*2 has been
used to monitor distinct cancer behaviours upon drug
treatment. Additionally, multi-cell-type imaging has
revealed distinct stromal companions needed for pro-
cesses that are fundamental to cancer, such as intersti-
tial guidance by adipose cells during invasion*2%, and
simultaneous tagging of clonal progeny to track stem
cells in intestinal or mammary tumours®*'#1¥"27. Multi-
cellular tracing can therefore also be used to assess drug
treatments that aim to target multiple cell populations in
different cancers or organ types!®!8197198208-213,

Real-time imaging has also advanced through the use
of intravital imaging windows to monitor tumour progres-
sion in a longitudinal manner (FIC. 3). Skin-fold chambers
(SECs), for example, have been used for gross imaging
of drug and MMP-derived breakdown of stromal com-
ponents in tumours by SHG?'; and cranial imaging
windows (CIWs) have been used to analyse single stages
of brain metastasis formation in real time?" (FIC. 3).
Mammary imaging windows (MIWs), have also been
used in combination with orthotopic or tissue-specific
mouse mammary tumour virus (MMTV)-derived
green fluorescent protein (GFP)-expressing tumours
to track intravasation and tumour motility in relation to
the native tissue topology of the mammary gland*'%2'6
(FIC. 3). MIW's were later coupled with advanced imag-
ing modes, such as photoswitching or photoactivation,

The efficiency, brightness and in vivo applicability of intramolecular fluorescence resonance energy transfer (FRET; also
known as Forster resonance energy transfer)-based biosensors is continuously being optimized. For example, new
fluorescent protein variants are being developed with increased fluorescence efficiency, longer fluorescence lifetimes

and monoexponential fluorescence decay for ease of analysis?’*?’%. These longer lifetimes can help to address difficulties
in assigning subtle decreases in fluorescence lifetime, which simplifies differentiation between FRET ‘on/off’ states to
clarify distinct states of activity upon drug treatment. In addition, probes to allow deeper FRET imaging in disease have
been developed using red/far-red type fluorophore pairs, such as LSSmOrange/mKate2 (REF. 102) and mKO/mCherry?”.
These improvements in fluorescent protein technology are also being coupled with changes in linker regions within the
biosensor itself, such as for the Eevee series'?’. This is achieved through the use of long flexible linkers for a purely
distance-dependent FRET interaction'®’?’®. Notably, the ‘chameleon’ Ca** intramolecular FRET biosensors have
undergone several stages of optimization. The first stage involved modification of the calmodulin Ca?* binding domain
affinity to allow additional subcellular application of these versatile biosensors?’”?’%. Furthermore, improvements in the
resistance of the FRET acceptor protein to environmental factors, predominantly to changes in pH*°?%? have led to

the development of fluorescent protein variants with increased absorption of excited state energy and improved
acceptor function in vivo'?®. Furthermore, both improved acceptor function and fluorescent protein dimerization affinity
have an improved signal-to-noise ratio and an expanded dynamic range'?***3%¥’_Finally, a novel application of FRET
technology is the development of the Absense intramolecular FRET biosensors, in which a loss of FRET occurs upon
antibody binding to the biosensor, thereby allowing the detection of antibody localization to a target tissue?®. The
application of these biosensors for the monitoring of antibody-based targeted therapies could lead to cross-disciplinary
use of FRET and increase the number of applications of biosensors in antibody-driven drug discovery.
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REVIEWS

Direct paracrine signalling ‘

Indirect paracrine signalling‘

Air-liquid interface: cancer
cells invade towards a chemo-
attractant in the growth
medium, below the grid

Figure 2 | Engineering more predictive models for cancer research. a|Schematic of a three-dimensional organotypic
assay, whereby co-cultured fibroblasts are embedded in a collagen | matrix (organotypic 3D collagen | matrix) to form a
more structured microenvironment. b | Cancer cells of interest are then seeded on top of these fibroblast-contracted
organotypic matrices for 1-4 days. ¢ | The matrices are then transferred to metal grids. Partially submerged matrices form
an air-liquid interface, which provide a chemo-attractive gradient towards the growth medium that promotes cell
invasion (see insert). Invading cells can be assessed for paracrine, autocrine or cell type-specific signalling. This can
provide higher in vitro fidelity to support further in vivo drug discovery.

or FRAP, and can be used to examine drug treatment
response, track mammary tumour populations or
examine cell-cell contact mobility?>26>418%217,

Abdominal imaging windows (AIWs) recently
allowed studies of early colonization and micrometas-
tasis formation in the liver®**' (FIG. 3). In this case, the
authors identified a transient but significant time period,
whereby newly extravasated tumour cells showed a rapid
mobilization or homing behaviour that was necessary
for efficient niche localization, before metastasis forma-
tion. Importantly, inhibition of this early mobilization,
observed using intravital imaging, was sufficient to block
formation of micrometastases®.

Single cell analysis of drug pharmacokinetics and
pharmacodynamics in live animal models has also been
demonstrated through semi-automated intravital data
analysis®”. In this case, a thresholding algorithm allowed
segmentation of iterated images for a non-biased assess-
ment of drug distribution in cells in vivo. Quantification
of drug trafficking processes at single cell resolution
to visualize intracellular drug exchange has also been
achieved using photoactivatable drug-caged fluoro-
phores?. In addition, subcellular pharmacokinetic imag-
ing of poly(ADP-ribose) polymerase 1 (PARP1) inhibitors
in vivo showed that they reached their target (the nucleus)
within minutes of administration and at sufficient con-
centrations®'. This subcellular detail suggested that drug
inefficiency is due to factors other than targeting, such as
insensitivity of cancer cells to PARP1 inhibition.

The long-term, high-resolution readouts of drug
dynamics that can potentially be achieved using intra-
vital imaging windows from an early disease state (FIC. 3)
could also assist in the future design, scheduling and
streamlining of effective drug delivery for multiple drug
combinations®**»*?*, This is in line with the recently
updated FDA draft guidance that supports further devel-
opment of novel drug combination strategies*>**. A dis-
tinct advantage of this longitudinal intravital imaging
approach over standard in vitro preclinical systems alone
is the capacity to monitor drug retention, metabolic
turnover and clearance rates in real-time to optimize
co-dosing strategies, which could be targeted to influ-
ence changes in blood vessel normalization, lymphatic

infiltration or drainage, or paracrine or autocrine meta-
bolic feedback signalling from the local microenviron-
ment?'>**226, Moreover, this form of repeated intravital
imaging may give more reproducible and cost-effective
data for the optimization of candidate drugs and com-
bination strategies to guide chemical design within the
DPOM (FIC. 1).

Imaging the tumour microenvironment. It is now widely
accepted that therapeutic targeting of non-tumour host
cells within the tumour microenvironment can con-
tribute to positive therapeutic outcomes?”-**. Hence,
a number of targeted agents against stromal compo-
nents, including cancer-associated fibroblasts, vascular
endothelial cells and inflammatory T cells, have been
approved by the FDA or are under clinical develop-
ment?*232, Multiphoton intravital microscopy has been used
to directly visualize such tumour or host cell populations
within live tumour microenvironments**-%, extending
to real-time monitoring of chemotherapeutic response.
One study used GFP-transgenic nude mice (in which
all host cells express GFP) and inoculated the spleen
with red fluorescent protein (RFP)-expressing human
colorectal cancer cells (HT29 cells)?*. This enabled lon-
gitudinal analysis of individual tumour cells in response
to changes in both reactive stroma and vascular per-
meability from within distinct metastatic tissue com-
partments. Furthermore, the application of real-time
stromal imaging to elucidate drug response has recently
been demonstrated through an optical window, when
sunitinib induced a reduction in overall tumour vascu-
lar density and tumour growth but had no major effect
on the sprouting behaviour of vascular endothelial cells
at the tumour margin®’. Such data on tumour-host
interactions can also be obtained by conventional pathol-
ogy. However, the use of longitudinal intravital imaging
provides more in-depth sampling at multiple time-
points, using fewer animals, providing gains in both sta-
tistical robustness and cost compared with conventional
immunohistochemical staining.

Intravital imaging studies can also use label-free
approaches, such as third harmonic generation imag-
ing (THG imaging; a label-free imaging technique that

NATURE REVIEWS ‘ CANCER

VOLUME 14 | MAY 2014 | 321

© 2014 Macmillan Publishers Limited. All rights reserved




REVIEWS

can be used to assess the interface between aqueous and
lipidic structures using multiphoton microscopy). In a
recent study, THG was used in parallel with SHG imag-
ing of ECM to track tumour movement in relation to
unstained stromal cells and lipid-rich structures, such
as adipose tissue”***. Dual imaging in this way revealed
invasion routes where cells avoid breaking down ECM
components or passing between tight adipose or stromal
cells in favour of gaps within the tissue*’. Importantly,
in vivo THG imaging also demonstrated the laying
down of tumour-associated microparticles, which indi-
cates tumour-imposed conditioning of the local micro-
environment®’. Impairment of this environmental
priming or guidance behaviour upon drug treatment may
affect tumour invasion efficiency and could potentially
be assessed using intravital imaging?>**.

Many endogenous proteins or live tissues emit an
inherent autofluorescent signal. Thus, in a similar man-
ner to monitoring the abundance and activity of exo-
genous fluorescent biosensors, FLIM can also be used as
a label-free method to monitor drug-induced changes on
endogenous proteins and biochemical reactions residing
within the normal tissue microenvironment?*'-2* (FIG. 4).
Such an approach can be used to monitor drug-induced

Cranial imaging window
¢ ECM integrity

* Brain tumour progression (e.g. glioblastoma)
* Metastatic site colonization

* Bone resorption or adsorption

® Long-term assessment (> 1 year)

Abdominal imaging window
* Deep organ imaging, beyond the abdominal wall
¢ Metastatic disease in secondary site tissues
* Secondary site extravasation, colonization

and micrometastasis
e Gastrointestinal: stem cell fate, niche and shedding
e Pancreas: islet and transplantation assessment
¢ Kidney: homeostasis

Primary tumour

Imaging

Invasive tumour (intravasating)

changes in tissue physiology, such as pH***, NADPH**
or reactive oxygen species (ROS)"**¢2%8, which are
known to drive distinct processes underlying tumour
progression in vivo. These studies enable comparative
analysis of diseased tissue adjacent to normal tissue or
the assessment of systemic liabilities on host tissue biol-
ogy, such as adverse side effects and toxicities. They can
therefore support a new predictive pharmacodynamics
approach for drug delivery, retention and target engage-
ment within complex tissue by directly visualizing and
quantifying the effects of drugs on normal tissue, relative
to intended responses within target tumour tissue.

Current limitations and future directions

Complex 3D model systems that use organic ECM
substrates and sophisticated organotypic culture con-
ditions, such as air-liquid interface setups (reviewed
in REFS 151,249) (FIC. 2), have limited throughput —
taking days to weeks to complete a single study. Such
limitations substantially extend the timeline and cost
incurred relative to conventional screening assay sys-
tems, thereby impeding the broader adoption of such
models in drug discovery. However, recent advances in
the automation of hanging drop?°*?, collagen matrix*?

Skin-fold chamber

* Angiogenesis studies

¢ Intravasation or extravasation

e Cell tracking

* Tumour progression or regression
(e.g. squamous cell carcinoma)

¢ Easily clamped to stage for repeated

imaging of the same area

Mammary imaging window

* Mammary tumours

* Intravasation and extravasation

¢ ECM integrity

¢ Distant to respiratory system

* Amenable to stable high-resolution imaging

Extravasating tumour

|

\ 4

‘ Early: primary disease ‘

dle: invasive dise

vanced: metastatic dises

Figure 3 | Optical imaging windows facilitate non-invasive intravital imaging of drug response in live tissue.
Example optical windows include skin-fold chambers (SFCs), cranial imaging windows (CIWs), mammary imaging

windows (MIWs) and abdominal imaging windows (AIWs). The evolving uses of these windows are suggested for each site,
some of which include the tracking of tumour cell intravasation or extravasation, angiogenesis studies, xenografts and the
observation of micrometastasis in organs that were previously inaccessible to high-resolution, quantitative imaging from
deep within the body cavity. Repeated imaging through imaging windows also provides a non-invasive approach to
tracking tumour behaviour during early to late stage disease progression or at multiple time-points following drug
re-administration. ECM, extracellular matrix.
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Figure 4 | Imaging collagen abundance and fibrosis using second harmonic generation microscopy of
subcutaneous patient-derived pancreatic tumours. Purple: collagen signal; green: autofluorescence signal; scale
bars: 100 um; excitation wavelength: 840 nm; second harmonic generation detection range: 400-440 nm;
autofluorescence detection range: 500-530 nm. Image obtained using a Leica SP8 multiphoton with coherent compact
OPO and time-correlated single photon counting (TCSPC; PicoQuant) fluorescence lifetime imaging microscopy (FLIM)

capacity. ECM, extracellular matrix.

and spheroid®* microplates are joining microfluidics-
based systems***’ to create uniform 3D microtissues
that are suitable for robust automated image-based
screening at scale?.

Despite recent advances, high-resolution intravital
imaging in all tissues remains limited by accessibil-
ity. The development of stick objective or microprobe
lenses facilitates access to specific tissue sites, where
imaging is not compatible with standard objective
lenses®®. Further advances in stick objectives include
the development of miniaturized fibre optic fluorescent
microscopic endoscopic devices, which also have the
potential for translation into clinical applications®*.
Such endomicroscopic technology has been further
developed to facilitate multidimensional fluorescent
imaging and measurement of lifetime within live in vivo
mouse models or has been used to monitor intestinal
integrity in patients**?. Direct multiphoton imaging
has also been used to study skin architecture and drug
penetrance, as well as melanin and pigmentation lev-
els associated with skin disease in patients and healthy
volunteers?*2%°. Such developments of endoscopic or
laparoscopic devices, as well as direct multiphoton
imaging of patients, may increase the clinical useful-
ness and statistical robustness of intravital preclinical
imaging measurements.

Finally, the biological complexity associated with
the metastatic cascade, combined with challenges in
carrying out clinical trials of novel anti-metastatic
agents, have deterred investment in potentially valu-
able anti-metastatic drug programmes*®. Application
of 3D tumour invasion models, in conjunction with
imaging, is providing detailed mechanistic informa-
tion on tumour invasion and drug response in distinct
microenvironments'*>'6>176267265 New genetically engi-
neered mouse and orthotopic transplantation models,
as well as experimental models of the later phases of

metastatic colonization, are more appropriate for devel-
oping anti-metastatic therapy. Hence, new insights into
the biology of tumour invasion and metastasis can be
gained through intravital imaging at the single cell
level*215269270 " Additionally, there is a crucial need for
the drug discovery and microscopy fields to shift their
focus towards imaging the processes of micrometasta-
sis formation, as well as tumour growth and survival at
metastatic sites, as this is an area that remains poorly
understood in the context of intact tissue and one that
would greatly benefit from the development of new
therapies targeting metastases in cancers that cannot
be surgically resected.

In conclusion, we suggest that intravital imaging
could be a key enabling technology in the drug discov-
ery process, in which its continued evolution is allowing
us to leverage quantitative data from previously unat-
tainable complex settings. Conventional approaches to
drug discovery often poorly predict the heterogeneity
of response in the clinic, the application of advanced
imaging techniques, such as FRAP, FRET, FLIM and
photoswitching or photoactivation, facilitates a more
unbiased and evidence-led exploration of drug and
target mechanisms-of-action across multiple disease
settings. These may incorporate the stem cell niche,
tumour heterogeneity and tumour-host interactions.
Although both target-led and phenotypic image-led
models have resulted in the development of many novel
and effective medicines, the added value provided by
the latest imaging methods remains to be determined.
The recent adoption of high-content in vitro and
repeated in vivo imaging within the drug discovery
pipeline indicates a willingness to incorporate more
complex biology into the discovery process. This may
open up new avenues to enhance the success rate of new
preclinical-to-clinical translation and improve patient
outcome in the long term.
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