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Abstract. Molecular imaging allows the non-invasive assessment of membrane transporter expression
and function in living subjects. Such technologies have the potential to become diagnostic and prognostic
tools, allowing detection, localization, and prediction of response of tumors and their metastases to
therapy. Beyond tumors, imaging can also help understand the role of transporters in adverse drug effects
and drug clearance. Here, we review molecular imaging technologies that monitor transporter-mediated
processes. We emphasize emerging probe substrates and potential clinical applications of imaging the

function of membrane transporters in cancer.
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INTRODUCTION

Alterations in the expression of membrane trans-
porters are hallmarks of neoplastic cells. Changes in
transporter expression and their functional activity may
result in altered uptake of nutrients by tumor cells and
can also affect the distribution of chemotherapeutic drugs
into their targets within tumors (1-4). Hence, assessing
transporter-related processes can potentially assist in
tumor localization, monitoring, and predicting response
to therapy and in drug development. In this setting, whole
body molecular imaging offers a very attractive, non-
invasive tool for tracking altered transporter function and
for directly evaluating drug distribution within tumors
over time. Moreover, whole body imaging can provide
information on the role of transporters in drug distribu-
tion, elimination, and toxicity. The most prominent
example of how transporter activity is being utilized for
improving cancer diagnosis and for monitoring treatment
is the use of positron emission tomography (PET) and
['®F]-fluorodeoxyglucose (['*F]-FDG). The major proteins
associated with altered ['®F]-FDG uptake in tumors and
metastases are glucose transporters, primarily GLUT-1,
and hexokinases (5,6). However, glucose transporters have
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not been directly associated with drug disposition and,
therefore, will not be further discussed here.

The goal of this paper is to review the available imaging
techniques and their respective transporter probes. Particu-
larly, we focus on molecular imaging of intact living subjects
and on probes that can serve as biomarkers for drug therapy
or for tumor localization. Detailed discussions of microscopic
imaging technologies and specific imaging modalities are
available elsewhere (7,8).

THE TUMOR BARRIERS

To exert an effect on tumor cells, drugs need to
achieve sufficient concentrations throughout the tumor
and its metastases. Systemic distribution and elimination
are important factors that can limit the amount of drug
reaching the tumor, especially for tumors (or their
metastases) located at sanctuaries such as the brain.
Within tumor tissue, the barriers affecting drug and probe
distribution are highly dynamic and poorly understood (9).
Tumors are usually characterized by microenvironment
composed of a heterogeneous mixture of cells and a
chaotic structure of blood vessels, resulting from disorga-
nized angiogenesis. This is accompanied by hemorrhages,
high interstitial pressure, and hypoxia. Tumors may also
be poorly penetrable by drugs because of a massive
stromal component and physical distance from blood
vessels (9). Tumor cells themselves express a variety of
uptake and efflux transporters which can affect the
cellular distribution of drugs and probes and contribute
to the development of drug resistance (1-4). The majority
of these transporters are also expressed in normal tissues
involved in systemic drug disposition, such as the intes-
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tine, the liver, the kidneys, and the capillary endothelial
cells that form the blood brain barrier (10,11).

The major transporters involved in drug disposition were
highlighted in a series of white papers by the International
Transporter Consortium (e.g., 12-14). Among these are the
adenosine triphosphate-binding cassette (ABC) transporters
P-glycoprotein (P-gp; encoded by the gene ABCB1), mem-
bers of the multidrug resistance-associated proteins (MRP)
family (ABCC), and the breast cancer resistance protein
(BCRP; ABCG2) (11), as well as members of the solute
carrier (SLC) superfamily: the organic cation transporters
(OCTs) 1 (SLC22A1) and 2 (SLC22A2); the organic anion
transporters (OATs) 1 (SLC22A6) and 3 (SLC22AS8); the
organic anion transporting polypeptides (OATPs) 1B1
(SLCO1B1), 1B3 (SLCO1B3), and 1A2 (SLCO1A2); and
the multidrug and toxin extrusion proteins (MATEs,
SLC47A). The equilibrative nucleoside transporters (ENTs)
1 (SLC29A1) and 2 (SLC29A2) were also described.

P-gp is the most extensively studied ABC transporter. P-
gp overexpression has been associated with chemotherapy
failure in many hematological and solid tumors, including
lymphomas and leukemias and kidney, colon, and liver
cancers (2). P-gp substrates include chemotherapeutic agents
central to most chemotherapeutic regimens, such as vinca
alkaloids, anthracyclines, taxanes, epipodophyllotoxins,
camptothecins, and tyrosine kinase inhibitors (11). Generally,
P-gp substrates are highly lipophilic, which may lead to
retention in tissues with high fat content and subsequent high
background in some imaging studies.

MRPs are widely expressed in various types of cancers
including myeloma, breast cancer, lung cancer, sarcoma, and in
chronic lymphocytic and prolymphocytic leukemia. MRP over-
expression has been correlated with drug resistance in prostate,
lung, and breast cancer (2). MRPs confer resistance to
methotrexate, thiopurine analogs, and camptothecins (11).

BCRP has been associated with drug resistance in breast
cancer and leukemia (2). BCRP substrates include mitoxantrone
and camptothecins. There is overlapping substrate speci-
ficity of BCRP with both P-gp and the MRPs (11).

Similarly to ABC transporters, members of the SLC
superfamily are expressed ubiquitously in normal tissues such
as the brain, kidneys, liver, placenta, and lungs and in various
tumors. These transporters are particularly important for the
cellular uptake of water-soluble molecules, such as folate
antagonists (OATPs, OATs) (4,15), nucleoside analogs
(ENTs) (16,17), and platinum-based drugs (OCTs) (18).
Additional substrates include taxanes, camptothecins
(OATPs) (4), tyrosine kinase inhibitors (OCTN2, encoded
by SLC22A5, and OATPs) (4,18), and the antimetabolite
melphalan (the system L transporter type 1; LATI;
SLC7AS5) (19).

Altered expression of SLC transporters has been identi-
fied in a variety of tumors. For example, the expression of
OATP1B1 and OATP1B3 tends to be reduced in poorly
differentiated hepatocellular carcinomas (HCCs) (4), whereas
highly differentiated HCCs may be characterized by elevated
OATP expression (20). OATP1A2 expression is enhanced in
malignant breast tissue (4). Two amino acid transporters, LAT1
and the system alanine-serine—cysteine transporter type 2
(ASCT2; SLC1AS5), are upregulated in many human cancers and
their expression is associated with a poorer prognosis (18,21). In
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the treatment of pancreatic cancer, both ENT1 (16) and the
concentrative nucleoside transporter 1 (CNT1; SLC28A1) (3)
have been highly implicated in gemcitabine chemoresistance
and patient outcome. In addition, transporters of the SLC
superfamily, e.g., OATPs and LAT1, are key players in cancer
pathology, as they may provide hormones and other nutrients
to hormone-dependent tumors to maintain the proliferation
of cancer cells (4,18).

Due to the complexity of biological systems, in vivo
studies remain a key step in identifying which transporters
play roles in drug disposition (22). Nonetheless, conven-
tional methods that involve tissue sampling are not suitable
for investigating the function of transporters in non-
clearance organs due to ethical issues (10). Non-invasive
molecular imaging methodologies are expected to render
these issues irrelevant and, therefore, are an emerging field
in transporter biology. Importantly, imaging allows using
the statistical power of longitudinal studies, thereby reduc-
ing the numbers of patients or animals studied (8,23) and
the numbers of tissue or body fluid samples per subject
required for analysis (hence, "a picture is worth a thousand
tubes"; Table I).

MOLECULAR IMAGING

Molecular imaging might be defined as the generation of
images in which the intensity at each point is proportional to the
local quantity of a specific molecular probe (23). Most imaging
techniques can be performed non-invasively in the intact
organism with adequate temporal and spatial resolution
(Table II). Furthermore, multimodal imaging can correlate the
parameter indicating transporter function with the anatomical
findings or with other physiological parameters (23).

Imaging technologies can be grouped by the energy used
to derive visual information (X-rays, positrons, photons, etc.),
the type of information obtained (anatomic, physiological,
and molecular/cellular), or the spatial resolution attained.
Magnetic resonance imaging (MRI), PET, and single photon
emission computed tomography (SPECT) are routinely used
in clinical practice, whereas optical imaging technologies are
currently employed mostly in preclinical studies or in the
surgical suite (7) (Table II).

Desired characteristics of effective transporter probes
include high affinity and selectivity for the transporter of
interest, low nonspecific binding in tissues in which the
transporter is functional, and chemical purity of the signal
(absence of metabolites detectable by the respective imaging
technique) (27). Genetic or pharmacological knockout of the
transporter(s) of interest helps identify their contribution to
signal intensity.

In imaging studies, intravascular, extracellular, and
intracellular compartments, as well as stem cells within
tumors, are indistinguishable. In addition, as in traditional
pharmacokinetic studies, the probe signal from the tumor is
related not only to the function of membrane transporters but
also to its unbound concentration in plasma and to tumor
retention. Correction for concentrations in plasma can be
accomplished by direct blood sampling. In nuclear imaging,
the signal intensity in blood pools such as the heart, the aorta,
or other major arteries within the field of view is often used
for such corrections.
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Table I. Comparison of Imaging Methods vs. Traditional In Vivo/In Vitro Methods
Imaging Traditional
Characteristic methods methods Comments
Clinical applicability Yes Yes Clinical applicability of
bioluminescence imaging is
unlikely
General Invasiveness No Yes Traditional methods require biopsy or
considerations sampling of body fluids from
non-clearance organs or tumors®
Repeat studies in same Yes No Imaging studies allow minimizing
subject the number of subjects and
improve statistical power compared
to conventional destructive
biodistribution analyses performed
by collecting tissue samples
Health risk® Potentially No Primarily if radioactivity is involved
Whole body analysis Yes No Restricted to small animals in optical
possible imaging (limited depth of signal
detectability)
Direct cellular and Challenging Yes Modeling and simulations can be
subcellular distinction useful in imaging studies
Permits studying cells in Yes No Least amount of perturbation of
their natural environment normal processes
Requirement for specialized Yes No Infrastructure required for molecular
infrastructure imaging studies may include a
cyclotron, scanners,
multidisciplinary team
Transporter expression  Expression level Yes Yes
Transporter functional Range of substrates Narrow Wide Restricted to substrates detectable by
activity studied the imaging modality or which can
be labeled (e.g., by ''C for PET)
Assay sensitivity Fento- to picomolar Picomolar =~ PET imaging allows the use of
in PET microdoses
Drug metabolite distinction No Yes Modeling may be useful in imaging

studies

“Even in clearance organs (e.g., liver and kidneys), the tissue concentration-time profile may differ from that in plasma
b Health risk beyond that associated with procedures required for patient management (e.g., tissue resection during biopsy or surgery). Based

on (8,10,23-25)

Table II. Overview of Imaging Modalities Applied in Membrane Transporters Studies

Temporal Depth of

Technique Modality Spatial resolution resolution Penetration Sensitivity Used clinically
PET High-energy 1-2 mm (preclinical) Seconds— Limitless 10" t0o10 M Yes

gamma rays 5-7 mm (clinical) minutes
SPECT Low-energy 1-2 mm (preclinical) Minutes Limitless 100010 M Yes

gamma rays 8-10 mm (clinical)
MRI Radiowaves 25-100 um (preclinical) Minutes-hours Limitless 107 to 105 M Yes

~1 mm (clinical)

Optical NIR 2-3 mm Seconds— <l cm 10 to 102 M Emerging
fluorescence minutes clinical utility
imaging
Optical Bioluminescence 3-5 mm Seconds— 1-2 cm 105 t0107 M Low potential
bioluminescence minutes for clinical
imaging translation

MRI magnetic resonance imaging, NI/R near infrared, PET positron emission tomography, SPECT single photon emission computed
tomography. Based on (7,8,26)
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Quantification of Imaging Data

The quantification of imaging data is presented here in
brief. Further information is available in recent publications
(24,27,28). Overall, data obtained from imaging studies can
be analyzed by identification of regions of interest and use of
non-compartmental or compartmental approaches. Alterna-
tively, pixel-by-pixel analysis may be applied to the entire
image (28). In many cases, concentrations measured in
imaging studies are absolute (e.g., mCi/cc). However, in
MRI and optical imaging studies, results often allow relative
between-group comparisons only. In optical imaging, even
between-tissue comparisons are semi-quantitative because
light emission varies among organs and tissues, as described
below.

Non-compartmental methods allow comparisons of pa-
rameters such as percent of injected dose (% ID), standard
uptake values (SUV), and the area under the probe
concentration-time curve (AUC). The %ID and SUV are
used for normalizing the signal observed in the region of
interest for the amount of tracer injected into the subject. The
value of %ID can range from 0 to a value that exceeds 100%
if a large percent of the dose accumulates into a site with a
mass less than 1 g (or mL). The SUV, commonly used in
nuclear medicine, takes into account, in addition to the
injected dose, the body weight (SUV=local tissue radioactiv-
ity concentration/(administered radioactivity/body weight)),
but represents a single "snapshot" of a dynamic process (28).
In contrast, the AUC integrates the concentrations of probe
activity in tissues over time. Furthermore, the tissue AUC
values can be normalized by blood (or plasma) AUC to
correct for alterations in systemic blood concentrations of the
probe. In addition, AUC can be utilized in any type of
imaging study in which a series of images is acquired over
time, as previously described for PET (29), SPECT (30,31),
and optical (32) imaging studies of P-gp activity. Non-
compartmental analysis assumes linear kinetics, which is
seldom a concern in PET studies, because PET ligands are
usually administered in microdoses. However, this may be an
issue in MRI or optical imaging.

The compartmental approach specifies a kinetic model
and may provide insight into the mechanism of drug transfer
across barriers and factors affecting data interpretation, such
as probe metabolism (28). This approach is best applied to
PET data because of the high temporal resolution (Table II),
but may also be used for analysis of data obtained through
other imaging modalities. As in traditional measurement
methods, the models provide rate constants such as the one-
compartment model’s K; (net influx clearance of the probe
from plasma or blood to tissue), k» (an efflux rate constant),
and the two compartment model’s K; (distributional clear-
ance into the tissue, CL12), k, (the transport process from the
tissue back into the blood), and k3 and k, (the bidirectional
exchange between the two tissue compartments). The
microconstants can also be used to calculate
macroparameters such as 'distribution volume' (DV) of the
probe. The compartmental approach has been applied to data
of ["'C]-verapamil uptake in malignant tumors (33) and the
fetus (34) as well as [''C]-verapamil and ["'C]-N-desmethyl-
loperamide (["'CJ]-dLop) uptake in the brain (35-38). Both
["'C]-verapamil and [''C]-dLop are avid P-gp substrates;
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therefore, almost all of the effect attributed to P-gp is the
decrease in K; (block the entry of the radioligand to the
intracellular compartment) (27,37). Importantly, because
blood flow influences the initial transfer of many probes into
tissues, transport (K1) may be normalized by flow.

The pixel-by-pixel analysis utilizes statistical methods,
such as statistical parametric mapping (SPM). Each voxel can
be analyzed using any standard statistical test. The resulting
statistical parameters are assembled into an image—the SPM,
which is used for making the statistical inferences. The
advantage of the statistical mapping is that no assumption is
made regarding the relevant regions and that it can be used to
analyze the entire tissue observed in the image (e.g., brain)
(28). Thus, it can detect changes outside a priori specified
regions and is therefore useful for identification of regional
changes in transporter activity, e.g., in epilepsy (39) and
Alzheimer’s disease (40,41), and potentially also in tumors
and their metastases.

NUCLEAR IMAGING

PET and SPECT monitor the distribution of systemically
administered radiotracers within living subjects over time,
with limitless depth of penetration (8) (Table II). The use of
PET and SPECT allows a three-dimensional assessment of
the distribution of the isotope (as opposed to the two-
dimensional planar scintigraphy assessment). Although both
PET and SPECT are commonly applied in the clinic, they
involve the use of ionizing radiation, are technically demand-
ing, and are costly. The advantages of PET over SPECT
include higher sensitivity, better temporal and spatial resolu-
tion, and quantifiable recordings. However, in contrast to
PET imaging, SPECT allows simultaneous imaging with two
or more differently labeled radioisotopes. Furthermore, its
cost is lower, and many of the probes are commercially
available (23). Both imaging technologies are widely applied
in the clinic (8).

PET radioisotopes commonly utilized for imaging
transporter-related processes typically contain positron-
emitting carbon-11 (''C) or fluorine-18 ('®F), with
radioactive half-lives of 20 and 110 min, respectively. Due to
these short half-lives, PET radioligands are generated in a
cyclotron and are rapidly incorporated into the molecule of
interest immediately prior to their use (8). In SPECT, the
commonly used isotope is technetium-99 m (**™Tc; half-life,
6 h) (42). PET and SPECT radioligands are administered in
subpharmacological trace quantities (nanogram to milligram
range), which are unlikely to exert pharmacological effects.
However, under non-linear conditions (for example, satura-
tion of low-capacity transporters), the microdoses of
radiolabeled drugs typically used in imaging studies may not
be representative of their pharmacokinetics following admin-
istration of therapeutic doses.

PET

Nowadays, there are dozens of known PET radioligands
used to image the expression and function of a variety of
transporters (Table IIT). Probes can be radiolabelled trans-
porter substrates, transporter inhibitors, or prodrugs convert-
ed into transporter substrates at the site of interest (42). PET
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Table III. Examples of Substrate Probes Used in Preclinical or Clinical Imaging Studies

Mann et al.

Transporter

ABC
superfamily

P-gp

Modality

PET

SPECT

MRI

NIR

BLI

["'C]-Daunorubicin
43)

[*°™Tc]-Sestamibi
(44,45)

Rhodamine 800
(46)

Coelenterazine
(47)

["'C]-N-Desmethyl-
loperamide (48)
[''C]-Elacridar
(49,50)
[M'C]-Gefitinib (51)
["'C]-Imatinib (10)
['C]-Paclitaxel (10)
["'C]-Tariquidar (52)
[''C]-Topotecan (53)
[''C]-Verapamil (29)
["'C]-Elacridar
(49,50)
[M'C]-Gefitinib (51)
["'C]-Imatinib (10)
[''C]-Tariquidar (52)
[''C]-Topotecan (53)
[''C]-Paclitaxel (10)

(44)

BCRP

MRPs

SLC
superfamily

OATPs  ["'C]-Rosuvastatin
(60)

[''C]-Telmisartan (10)

["'C]-TIC (10)

OATs [''C]-Topotecan (53)

OCTs

NTs

LATs

[*®F]-FLT (68)
['®*F]-FACBC (21)

[?°™Tc]-Sestamibi (56)
[**™Tc]-Tetrofosmin (45)
P*™Tc]-MAG3 (61)
[**™Tc]-Mebrofenin (63)
[?™Tc]-PMT (66)

[*°™Tc]-Tetrofosmin

D-Luciferin (54)
Coelenterazine
(55)

BOPTA (57)
EOB-DTPA (59)
BOPTA (57)
EOB-DTPA (64)

ICG (58)

ICG (62)
IR-783 (65)
MHI-148 (65,67)

[*™Tc]-MAG3 (61)
['Z1]-MIBG (10)

ABC adenosine triphosphate-binding cassette, BCRP breast cancer resistance protein, BLI bioluminescence imaging, BOPTA gadobenate
dimeglumine, EOB-DTPA gadoxetate dimeglumine, /’® FJ-FACBC ['® F]-1-amino-3-fluorine 18-fluorocyclobutane-1-carboxylic acid, /*® FJ-
FLT ['®F]-3'-deoxy-3'-fluorothymidine, /CG indocyanine green, LATs system L transporters, [*°" Tc]-MAG3 [*™ Tc]-
mercaptoacetylglycylglycylglycine, [/2°I]-MIBG [***1]- metaiodobenzylguanidine, MRI magnetic resonance imaging, MRPs multidrug
resistance-associated proteins, NIR near infrared, N7s nucleoside transporters, OATs organic anion transporters, OATPs organic anion
transporting polypeptides, OCTs organic cation transporters, P-gp P-glycoprotein, PET positron emission tomography, /**" Tc]-PMT [*°™ Tc]-
N-pyridoxyl-5-methyltryptophan, SLC solute carrier, SPECT single photon emission computed tomography

imaging of drug transporter-mediated processes has been
extensively reviewed in the past few years (e.g., 10,22,27,42)
and will be discussed here briefly.

The majority of probes synthesized to evaluate trans-
porter activity target P-gp function. Among these, the most
established are racemic [''C]-verapamil (29,36,69,70) and its
(R)-enantiomer (39,71-73) and the radiolabeled loperamide
metabolite, [''C]-dLop (48,74). In addition to these
compounds, cytotoxic drugs, such as daunorubicin (43) and
paclitaxel (75), have been radiolabelled and evaluated in
various tumor models in rodents (Table III).

Several radiolabelled P-gp and/or BCRP inhibitors,
including [''CJ-tariquidar (52), [''C]-laniquidar (76), and
["'Cl-elacridar (49,50), were developed as markers of P-gp/
BCRP expression. However, in vivo experiments and further
in vitro characterization suggested that these compounds are
also transported substrates of P-gp, BCRP, or both (42).

Indeed, many radiolabelled agents are known to interact
with more than one transporter. Examples are [!!C]-gefetinib
(51), a dual P-gp/BCRP substrate; [''C]-topotecan (53), a
substrate of P-gp, BCRP, MRP4, MATEI1, and MATE2-K
(10); [**C]-glyburide, a substrate of OATPs, P-gp, and BCRP

(77); and [''C]-rosuvastatin (transported by OATPs, NTCP,
MRP2, and BCRP) (60). In such cases, the impact of an
individual transporter may be masked by the contribution of
other transporters to the probe’s whole body or cellular
kinetics. Furthermore, the impact of inhibition of dual or
multiple transporters on the probe kinetics is not necessarily
the sum of the effects of the individual transporters inhibition
or knockout. For example, topotecan CNS exposure was
increased 1.5-fold in Berp- and Mdrla/lb-knockout mice
respectively, but 12-fold in mice lacking both Bcrp and P-gp
(78).

Some of the abovementioned compounds were used for
imaging transporter activity in human cancer, although the
paucity of data and the differences in study design and
reported parameters make it difficult to compare the findings
among studies. Racemic-[''C]-verapamil was first used in five
cancer patients. In this study, 0.9% of the injected dose
accumulated in the tumor. In comparison, the % ID in the
lungs and the heart was 43% and 1.3%, respectively. The peak
plasma concentration was less than 0.01% ID/mL (79). Later
on, the same radioligand was administered to ten soft tissue
sarcoma patients, in addition to PET markers of cellular
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proliferation and hypoxic volume (33). [''C]-verapamil tumor
uptake was assessed by a simple 1-tissue compartmental
model using the first 10 min of the uptake data to determine
the initial transport (K1; mL/g/min). The results were
normalized to blood flow. The tumor uptake parameters of
["'C]-verapamil varied between patients and with respect to
the uptake parameters of other probes in individual patients,
suggesting unique tumor biology within each patient. Flow-
normalized verapamil transport values in sarcomas were
considerably higher than those previously calculated for the
brain, likely due to higher blood flow in the normal brain
than in tumors. Similarly to the initial ["'C]-verapamil study,
average tumor distribution of ['®F]-fluoropaclitaxel in breast
cancer patients was reported as percent of the injected dose,
0.01% at 1 h after injection (80).

[''C]-Docetaxel has been evaluated in patients with
advanced lung tumors. Tumor radioactivity uptake was
moderate, related to tumor perfusion, and highly variable
between and within tumors. In a subgroup of patients who
subsequently received docetaxel therapy, relatively high
[1'C]-docetaxel uptake was associated with improved tumor
response. Less than 1% of the infused therapeutic dose of
docetaxel was finally taken up by tumor tissue (81). High
hepatic accumulation of both ['!C]-docetaxel and ['*F]-
fluoropaclitaxel makes these radioligands suitable candidates
for studies on thoracic, but not abdominal tumors (80,81).

Radiolabelled amino acids and nucleoside analogs have
been used for human cancer imaging for many years. The
most established radiolabelled amino acid analogs are LAT1
substrates, whereas the thymidine analog ['*F]-3’-deoxy-3'-
fluorothymidine (['®F]-FLT) is a substrate of ENT1, ENT2,
CNT1, and CNT3 (SLC28A3) (68). For these compounds,
tumor uptake, as demonstrated by imaging, reflects both their
transport and their incorporation into cellular metabolic
pathways, similar to ['®F]-FDG. In recent years, LATI1
probes have been used to follow the degree of LAT1
function in response to therapy (21).

SPECT and Gamma Scintigraphy

One of the first radiopharmaceuticals utilized in vivo as a
P-gp substrate was the cationic tracer [**™Tc]-sestamibi
(hexakis-methoxyisobutyl isonitrile; MIBI) (56) (Table III).
Consequently, several clinical studies demonstrated increased
[**™Tc]-sestamibi accumulation in tumors following P-gp
inhibition and a correlation between [**™Tc]-sestamibi efflux
from tumors and P-gp expression (30,31,82,83). For example,
in a phase I trial of the P-gp inhibitor PSC 833 in nine patients
with metastatic renal carcinoma, the tumors in two of the
patients could be seen only during treatment with PSC 833. In
the others, the mean tumor/heart AUC ratio was significantly
higher in the presence of PSC 833 as compared to baseline
(31). In 13 of 17 patients with metastatic cancers, the tumor/
heart [**™Tc]-sestamibi AUC increased after the
administration of the P-gp inhibitor tariquidar, with an
increase of 36%-263% seen in eight of the patients (30).
Breast cancer tumors expressing high amounts of P-gp
displayed a 2.7-fold higher efflux rate for [**™Tc]-sestamibi
compared to tumors expressing little or no P-gp (82).

Alternative P-gp substrates for SPECT imaging are
[**™Tc]-tetrofosmin (44) and other metalloorganic complexes
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(42,84). It is noteworthy that [**™Tc]-sestamibi and [*™Tc]-
tetrofosmin are also substrates of MRP1 (45) (Table III). In
addition, they accumulate reversibly within mitochondria,
which have electronegative membrane potentials (84,85).
Some ?’™technecium-based probes have been demonstrated
to be SLC transporters substrates. The organic anion [**™Tc]-
mercaptoacetylglycylglycylglycine (MAG3), used in renal
function studies, is a substrate of OAT1 (61) and the
hepatobiliary scintigraphy tracers [**™Tc]-N-pyridoxyl-5-
methyltryptophan ([**™Tc]-PMT) (66) and [**™Tc]-
mebrofenin (86) are OATP1B1 and OATP1B3 substrates.
Following uptake into hepatocytes, [**™Tc]-mebrofenin is
excreted in the bile canaliculi by MRP2 and MRP3 (87).

Despite the involvement of SLC transporters in tracer
kinetics, the abovementioned studies have confirmed that
[**™Tc]-sestamibi efflux rate can serve as a tool for predicting
the degree of MDR and patient response to therapy. The
utility of SPECT for assessment of the function of other
transporters has not been established yet.

MRI

MRI is a non-invasive tomographic imaging modality
that uses a powerful magnet and radiofrequency energy to
visualize the body’s internal structures. MRI offers high
spatial resolution with limitless depth of penetration and
excellent soft tissue contrast (Table II). The technique’s
sensitivity is lower in orders of magnitude than that of
radionucleotide and optical imaging (8), and only certain
nuclei, such as hydrogen or phosphorous, are detectable.
Accordingly, imaging typically involves the detection of water
protons because water is abundant in tissues. Nonetheless,
variation in resonance frequencies according to the nuclei
electronic environment (e.g., water vs. lactate molecules) also
allows assessment of many metabolites and amino acids in
tissue spectra. Furthermore, administration of an appropriate
contrast agent such as paramagnetic gadolinium (Gd) com-
plexes allows the imaging of various tumor processes. Due to
the MRTI’s low sensitivity, the target blood concentrations of
the contrast agents are in the millimolar range and toxicity as
well as transporter saturation issues are important consider-
ations. In addition, signal intensities recorded on MR images
are not linearly related to concentrations. The time for image
acquisition depends in part on the resolution required and is
typically several minutes.

Many Gd chelates, such as gadopentetate dimeglumine
(Gd-DTPA; Magnevis), gadoterate meglumine (Gd-DOTA,;
Dotarem), and gadodiamide (Gd-DTPA-BMA; Omniscan),
distribute nonspecifically throughout the plasma and the
interstitial space (with the exception of the brain) and thus
have been classified as "extracellular" (88). A typical use of
these compounds is the detection of brain tumors based on
increased blood-brain barrier permeability, which results in
extravasation of the contrast agents and enhancement of
tumor contrast (89). Thus, the interaction of MRI probes with
membrane transporters has been mostly investigated with
regard to “hepatobiliary” contrast agents such as gadoxetate
dimeglumine (EOB-DTPA; Eovist) and gadobenate
dimeglumine (BOPTA; MultiHance) used for visualizing the
morphology of the liver and diagnosing focused lesions
(87,90). These compounds are mostly negatively charged
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and have been demonstrated to act as substrates of organic
anion transporters (87). BOPTA is a substrate of rOATP1A1,
rOATP1A4, rOATP1B1, and rMRP2 (57), and its hepatic
accumulation is inhibited in a dose-dependent manner by the
OATP inhibitor rifampin (91) (Table III). EOB-DTPA is a
substrate of OATP1B1, OATP1B3, the human sodium-
taurocholate-co-transporting polypeptide (hNTCP) (64), and
the ABC transporters MRP2 and MRP3 (59) (Table IIT).
These compounds enter the hepatocytes through sinusoidal
OATPs and are removed through biliary excretion or efflux
back into sinusoids by MRP2 and MRP3, respectively (87).
The OATP-mediated hepatic uptake of EOB-DTPA has been
suggested to be the basis for its use for detection and
characterization of focal hepatic lesions. The majority of the
differences between lesions and their respective backgrounds
are observed in the hepatobiliary phase of distribution (entry
of contrast agent into hepatocytes; 20 min after EOB-DTPA
injection). Most moderately to poorly differentiated hepato-
cellular carcinomas show hypointensity (are darker) com-
pared to background liver, likely due to low tumor OATP1B3
expression. However, some hepatocellular carcinomas that
are well differentiated are hyper-intense because the tumors
overexpress functional OATPs, allowing for the contrast
agent to enter into cells and become trapped within tumor
cells or bile ductules (87). Indeed, several studies demon-
strated that intensity is correlated with the tumoral OATP1B3
expression (63,92). In one of these studies, intensity was also
related to the expression pattern of MRP2 within the nodules
(63).

OPTICAL IMAGING

Optical imaging of living subjects can be divided into
fluorescence and bioluminescence imaging. Both imaging
modalities are highly sensitive and, since they involve the
detection of low-energy photos, are relatively safe. However,
this also means that the depth of penetration is limited
(Table II). Nevertheless, clinical translation is feasible where
depth of penetration is not an issue, for example, in the
endoscopy setting and when intraoperative devices are
involved (8). In vivo optical imaging is easily accessible, with
relatively low instrumentation costs and is easy to perform:
animals are anesthetized, the respective substrate is injected,
and the animal is placed in a dark chamber with a charged
coupled device (CCD) camera. Simplicity and applicability
make optical imaging techniques particularly suited for drug
development and validation processes (23).

In bioluminescence imaging (BLI), light is generated by
a chemiluminescent reaction between a luciferase enzyme
(usually the firefly luciferase in ADMET assays) and its
substrates. The photons emitted from this reaction extend
into tissue-penetrating red and near-infrared (NIR) wave-
lengths (approximately 600 nm) (93).

Tomographic fluorescence systems (fluorescence molec-
ular tomography, FMT) produce three-dimensional maps of
fluorochromes and are quantitative. FMT is often combined
with computed tomography or MRI to improve image
visualization and provide anatomical information. More
common systems, which obtain planar images, are useful for
imaging events in surface tumors (xenografts), surgically
exposed organs, or for intraoperative imaging. Using
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fluorochromes with emission in the NIR part of the electro-
magnetic spectrum (650-900 nm) helps minimize light atten-
uation and scattering within living organisms and decrease
tissue autofluorescence, thereby increasing imaging depth and
sensitivity, yet many NIR fluorochromes suffer from poor
photostability, high plasma protein binding rate (which in fact
may enhance emission intensity), and aggregation and
quenching at high concentrations (Fig. 1). Quantification of
fluorescent optical imaging data is confounded by “surface
weighting” problems (meaning that anything closer to the
surface will appear brighter) and variations in the extent of
light attenuation in different organs and tissues (8). Many
NIR fluorophores are also prone to non-specific binding to
tissues due to their hydrophobicity, thus typically resulting in
increased background fluorescence. In addition, the doses of
fluorescent agents needed for imaging are considerably larger
than for nuclear imaging. In preclinical studies, intervals in
injection and positioning time between simultaneously im-
aged animals should be taken into account during image
analysis (Fig. 2).

Unlike fluorescence techniques, there is no inherent
background with bioluminescence, which makes this tech-
nique highly sensitive. However, in contrast to fluorescence
optical imaging, the clinical translation of this method is very
limited because mammalian cells do not naturally express
luciferases (8).

NIR Imaging

Organic cyanine dyes are the most widely used NIR
probes. Among these, indocyanine green (ICG), the only
FDA-approved cyanine dye, has been used for decades as a
non-targeting contrast agent for optical imaging. ICG is
approved for determining cardiac output, liver blood flow
and hepatic function, and for ophthalmic angiography. In
addition, it is used “off-label” to visualize structures that are
filled with fluids such as lymph (95). Due to its wide clinical
application, ICG is the best characterized cyanine dye in vivo.
ICG binds to plasma proteins, distributes uniformly in the
blood within 2 to 3 min after intravenous injection, and is
exclusively cleared unchanged by the liver (96). Hepatic
clearance is limited by blood flow (90). Uptake into hepato-
cytes is mediated by OATP1B3 and the human Na®-
taurocholate co-transporting polypeptide (NTCP) (62), and
its excretion into the bile is mostly through MDR3
(ABCB4) and MRP2 (ABCC2) (58) (Table III). Under
pathophysiological circumstances, ICG transport capacity
may be lowered because of reduced blood flow or OATPs’
downregulation (97,98). Accordingly, ICG clearance from
blood, which can be simply measured by an optical sensor
placed on the finger, reflects hepatic blood flow and hepatic
uptake and efflux transporter activity (90). Another recently
suggested application of ICG is visualizing the resection
limits of hepatocellular carcinomas during surgery by a
fluorescence camera. This is because, similar to EOB-DTPA,
ICG tends to accumulate in well-differentiated hepatocellu-
lar carcinomas (20). Interestingly, ICG accumulation in
HCC was positively correlated with the expression of NTCP
and OATP1B3 (86).

Recent studies demonstrated a role for OATPs in tumor
accumulation of additional cyanine dyes. For example, the
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Fig. 1. Non-linearity of the near-infrared emission intensity in vitro. a-¢ Representative images of
plates incubated with increasing concentrations of indocyanine green (ICG) (a), IR-775 (b), or
rhodamine 800 (¢). d Quantification of emission intensity. MDCK II cells were seeded in 96-well
plates at 8x10* cells/well. When achieved monolayers, cells were incubated with the indicated
concentrations of the dyes for 1 h, then scanned by a molecular imager. At the studied
concentrations, IR-775 and rhodamine 800 exhibited a quenching phenomenon which resulted in
decreased signal intensity at higher concentrations. As the dye solution is more saturated, the
distance between the fluorochrome molecules decreases and fluorescence resonance energy
transfer (FRET) takes place (94). Considering that emission intensity is an indirect measurement
of dye’s quantities, this artifact implies lesser concentrations in the cell, while, in fact, the

concentrations are higher

OATP inhibitor bromosulfophthalein (BSP) suppressed the
accumulation in tumor cells of IR-783 (65), MHI-148 (65,67),
and IR-780 iodide (99), primarily through inhibition of
OATPI1B3 (67,99) (Table IIT). Further studies indicated that
OATP1B3 expression and related MHI-148 accumulation
were induced by hypoxia (67). In addition to diagnostic
applications, IR-780’s accumulation within tumor cells was
also associated with inhibition of cell growth in vitro and of
tumor recurrence in the mouse syngeneic Lewis lung
carcinoma xenograft model, suggesting that IR-780 could be
used as a theranostic agent for the suppression of tumor
recurrence (100). An interesting attempt to utilize near-
infrared conjugates of 2-deoxyglucose as ['**F]-FDG analogs
for optical imaging revealed that conjugation of large bulky
fluorophores to 2-deoxyglucose disrupts the facilitated trans-
port and retention of these probes in cells. Thus, these probes
cannot replace [18F]-FDG PET imaging as biomarkers of
tumor cell viability and metabolism (101).

Optical imaging was also used for evaluation of P-gp or
BCRP-mediated efflux at the blood-brain barrier. In mice, P-
gp inhibition enhanced the cerebral emission intensity of
rhodamine 800 (46), and, to a lesser extent, that of ICG (32).
In a recent optical imaging study, synthetic human p-
amyloid; 49 peptide labeled with Cy5.5 accumulated to a
greater extent in the brains of Abcbl and Abcg2 knockout
mice compared to wild-type controls (102).

BLI

BLI modalities acquire macroscopic information in vivo
through two basic strategies: (1) genetically encoded reporters
(luciferase assays) for studying the regulation of a gene of
interest and (2) assays of injected luciferin derivative for
studying the functional activity of membrane transporters (103).

In genetic reporter assays, a luciferase complementary
DNA (cDNA) is placed under the transcriptional control of
the gene of interest’s regulatory elements in a plasmid vector
used to transfect mouse embryonic cells. The first transgenic
mouse reporter model was based on a firefly luciferase
(fLUC) cDNA inserted into the murine mdrla genetic locus
by homologous recombination and allowed the imaging of the
mdrla gene expression (104). Using this model, it was
demonstrated that abdominal luminescence intensity reflects
basal and pregnenolone-16a-carbonitrile (PCN)-induced in-
testinal mdrla and fLUC mRNA expression. Later on, the
same group crossed mdrla.fLUC mice with a genetically
knockout pregnane X receptor (PXR; a master regulator of
inducible MDR1 expression) strain (105). Luminescence
intensity was enhanced upon treatment with PCN, a strong
mouse PXR ligand, and two therapeutically relevant taxanes,
but only PCN and docetaxel appeared to act primarily via
PXR. Therefore, these mice models offer modular tools for
preclinical studies on the extent and the kinetics of MDR1
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Fig. 2. Whole body images of mice treated with indocyanine green in
the presence and the absence of valspodar. a A representative image
showing five female mice treated with indocyanine green (ICG;
8 mg/kg, i.v.). Forty-five minutes before ICG injection, mice were
treated i.p. with valspodar (12.5 mg/kg, i.p.) or the vehicle. Shown is
the time elapsed (min) between ICG injection and image acquisition
for each mouse. Also indicated is the liver (L). b Concentration-time
curves of liver emission intensity. Visual inspection of the image may
lead to bias due to the different time intervals between injection and
image acquisition for each mouse (indicated by arrows). The time
intervals result from the need to inject the probe and induce
anesthesia before placement in the dark chamber

induction by pharmacological agents or under various phys-
iological and pathological conditions.

The transporters which determine the pharmacokinetics
of luciferin and its derivatives are beginning to be identified.
First, BCRP expression and function were found to have
substantial influence on D-luciferin-dependent bioluminescent
output in vivo in mice bearing BCRP-overexpressing and
control tumor xenografts (54) (Fig. 3; Table III). The BLI-
based assay was later shown to be an efficient method to
identify new inhibitors of BCRP (106). The same group also
demonstrated that D-luciferin cellular accumulation is facili-
tated by an uptake mechanism, likely OCTN1 (107). The
work of Bakhsheshian et al. (108) showed that D-luciferin
entry into the brain is restricted by BCRP and that this
process correlates with BCRP expression and function. This
study provided the groundwork for a novel method to
examine transporter function at the blood-brain barrier. Most
recently, studies in cell lines and in mouse xenografts
demonstrated that coexpression of Oatpl with luciferase
increased luciferin luminescence intensity by several folds.
The authors suggested that coexpression of Oatpl could also
be used to reduce the amount of luciferin required for BLI
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Fig. 3. The effect of BCRP on D-luciferin bioluminescence in living
mice. HEK-293 cells stably transfected with BCRP or empty vector
(control) were implanted to the flanks (left and right, respectively) of
immunocompromised mice. a A representative mouse showing
bioluminescence imaging (BLI) acquired 30 min after i.p. adminis-
tration of D-luciferin, immediately before administration of the BCRP
inhibitor fumitremorgin C (FTC). b The same mouse as in a imaged
12 min after i.v. administration of FTC. ¢ Time course of BLI signal
from control and transgenic ABCG2/BCRP-expressing tumors. The
BLI signal from the BCRP-transfected tumor was 70% less than the
control tumor before FTC injection and increased 4-fold after FTC
injection to levels comparable to the control tumor. Reprinted with
permission from (106)

studies (109). In addition, the imidazolopyrazine derivative of
luciferin, coelenterazine, was reported to be a substrate of P-
gp (47) and BCRP (55) (Table III).

VARIATION IN DRUG TRANSPORTER FUNCTION

Variation in drug transporter expression, activity, or both
is now increasingly recognized as a determinant of between-
and within-subject variability in response to commonly
prescribed drugs. Clearly, factors that affect transporter-
based variability in drug response may also apply to variation
in the signal intensity of substrate probes. Such factors
include genetic polymorphisms in genes encoding transporter
proteins (usually affecting the systemic disposition of the
probe), acquired changes under disease states and interac-
tions with medications, which may affect both the systemic
disposition and the tumor uptake of the probe. Table IV
describes examples of the contribution these factors make to
variability in probes’ signal. Correction of tumor signal for
the systemic blood concentration of the probe, as described
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Table IV. Examples of Probe-Drug Interactions Relevant to Cancer Therapy in Humans
Classification Example Mechanism Potential outcome References

Modulation of transporter
function in probe-
eliminating organs

Altered tumor perfusion

Rifamycin-ICG

Bevacizumab-[''C]-
docetaxel

Lapatinib-gadoxetate
disodium (EOB)

Capecytabine-['®F]-FLT

Inhibition of tumoral
membrane transporters
Altered tumoral membrane

transporter expression
Altered probe distribution
or metabolism within cells

Tariquidar-["'C]-dLop

OATP-inhibition

Reduced angiogenesis/
blood flow
OATPI1BI inhibition

ENT1 redistribution

to the cell membrane
Probe-inhibitor

competition

on lysosomal accumulation

Reduced bile duct visibility (110)

Reduced [''C]-docetaxel signal (111)

Compromised ability to (112)
diagnose liver tumors

Increased ['*F]-FLT uptake (113)

Reduced signal in tissues (74)

other than the brain; reduced
probe accumulation suggestive
of potential reduction of the
cellular uptake of cytotoxic
drugs

[ CJ-dLop [ C]-N-desmethyl-loperamide, /™8 FJ-FLT '3'-deoxy-3'-[*8 F]-fluorothymidine, /CG indocyanine green, OATP organic anion

transporting polypeptide

above, can account for an altered signal due to changes in
blood concentrations.

IN VIVO APPLICATIONS OF MOLECULAR IMAGING

Imaging has become a central tool in studying cancer
biology and in clinical diagnosis, prognosis, and treatment.
This section provides examples for potential uses of imaging
of membrane transporter activity to improve cancer therapy
(summarized in Table V).

Evaluating and Predicting Response to Therapy

Increased ABC transporters’ expression has been
associated with impaired response to chemotherapy and
lower patient survival (2). Non-invasive imaging of ABC
transporter functional activity has the potential to aid in
more individualized, targeted treatment and to assist in
the development of new agents. For example, SPECT
scans with [*™Tc]-sestamibi predicted response to
chemotherapy in a variety of tumors. Such studies can
also improve the outcomes of clinical trials with inhibitors
of MDR transporters (27,30,31). In addition, PET imaging
with amino acid derivatives as PET tracers in patients can
indicate the degree of inhibition of LAT1 function during
therapy, thus guiding the dose regimens required to
achieve significant inhibition during therapy (10,21).

Investigating the Pharmacokinetics of Chemotherapeutic
Drugs

In addition to information on tumor distribution and
retention, non-invasive measurements of tissue concentra-
tions of drugs can help in understanding mechanisms of
their clearance and their distribution into non-target
organs. Tissue imaging studies can clarify the role of
pharmacogenomics, disease states, and drug (or food)
interactions in the pharmacokinetics of chemotherapeutic
drugs and predict adverse drug reactions. For example,
recent studies demonstrated that OCT2 inhibition protects
against severe cisplatin-induced nephrotoxicity without
sacrificing cisplatin’s antitumor effects (115). The effec-
tiveness of OCT inhibition in terms of renal drug
distribution can potentially be evaluated through imaging
studies.

Intraoperative Imaging of Tumors or Their Metastases

Insufficient visual differences between tumor and normal
tissue when using white light reflectance alone have been
associated with increased local, potentially preventable tumor
recurrence and poor prognoses. On the other hand, preser-
vation of important structures such as blood vessels, ureters,
and bile ducts during tumor resection is almost equally important in
achieving optimal patient outcome. Thus, enhancing the

Table V. Molecular Imaging of Transporter-Related Processes: Suggested Uses to Improve Cancer Therapy

Utility Example References
Evaluating/predicting response to chemotherapy [*°™Tc]-Sestamibi for predicting MDR 31)
Investigating chemotherapy pharmacokinetics Studying docetaxel disposition using [''C]-docetaxel (81)
Enhancing the visual differences between tumor ICG for labeling hepatocellular carcinomas 95)

and normal tissue during surgery
Prediction of transporter expression or activity in humans ['!C]-verapamil for comparing data obtained in preclinical  (114)

based on preclinical data

studies to data in humans

ICG indocyanine green, P-gp P-glycoprotein
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visual differences between tissues could advance the visual
capability of the operating surgeon and provide an opportu-
nity to improve surgical outcomes (95). This can be accom-
plished by the design of probes that accumulate in tumors
(e.g., OATP substrates) or ones that are preferably excreted
in bile or urine to identity these structures during surgery.
The limited depth penetration of fluorescence imaging,
which is a limitation of whole body scanning, is less of a
drawback during surgery (95). For example, 5-
aminolevulinic acid (5-ALA) has been increasingly used as
a fluorescent dye for fluorescence-guided tumor resections
(116). 5-ALA is a precursor of heme biosynthesis that leads
after oral administration to selective accumulation of fluo-
rescing protoporphyrin IX (PpIX) in malignant tumor tissue.
In 1998, Stummer ef al. (117) reported the clinical application
of 5-ALA during resection of ten suspected malignant
gliomas. Glioma tissue was intraoperatively characterized
by strong PpIX fluorescence, whereas normal tissue revealed
no visible PpIX. A more recent study demonstrated that the
accumulation of 5-ALA-mediated PpIX in glioma cells is
enhanced by increased expression of the ABC mitochondrial
porphyrin importer ABCB6, and that ABCB6 expression was
greatly elevated in human gliomas compared with normal
brain tissue (118).

Prediction of Transporter Expression or Activity in Humans

Molecular imaging is an ideal translational tool to
assess differences in transporter expression and function
between species during drug development. It allows for
direct assessment of the clinical relevance of drug
interactions identified in vitro or in animal models.
Accumulating data from studies correlating transporter
expression and activity as well as studies evaluating the
roles of transporters in various species indicate that
scaling transporter expression from cell lines and rodents
to human tissue is a reasonable approach. For example,
based on data obtained from studies in rats, Hsiao et al.
utilized in vitro data to predict an increase of 129% in
[''C]-verapamil distribution into the human brain, a value
similar to that observed (79%) using PET (114).

CONCLUSION

Measurements of probes kinetics within tumors usu-
ally reflect an interplay between influx and efflux mem-
brane transport systems as well as local blood flow and
cellular binding and metabolism. Appropriate study design
and data analysis can help differentiate the various
contributors to the probe’s signal from each other. The
ongoing development of novel probes and molecular
imaging methodologies is expected to enhance our under-
standing of transporter biology and contribute to person-
alized cancer medicine.
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