FOCUS ON MOLECULARIMAGING

Optical Imaging: Current Applications and Future

Directions

Optical techniques, such as bioluminescence and fluorescence,
are emerging as powerful new modalities for molecular imaging
in disease and therapy. Combining innovative molecular biology
and chemistry, researchers have developed optical methods for
imaging a variety of cellular and molecular processes in vivo, in-
cluding protein interactions, protein degradation, and protease
activity. Whereas optical imaging has been used primarily for
research in small-animal models, there are several areas in which
optical molecular imaging will translate to clinical medicine. In this
review, we summarize recent advances in optical techniques for
molecular imaging and the potential impact for clinical medicine.
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Recent advances in genomics and proteomics have identified
a large number of molecules and signaling pathways that
potentially promote or limit diseases such as cancer, athero-
sclerosis, and infectious disease. A key challenge for basic
scientists and clinicians is defining which pathways, among many,
control disease initiation and progression in intact animals or
patients, rather than in reductionist systems. Ongoing discoveries of
potential target molecules in disease also drive pharmaceutical and
biotechnology companies to find leading agents that selectively
regulate these molecular pathways in vitro and in vivo. Optical tech-
niques, including bioluminescence and fluorescence, are emerging
as key technologies to meet these challenges and advance molec-
ular imaging in preclinical research and patient care. This review
will discuss basic methods in optical imaging for preclinical and
clinical applications and highlight recent advances for in vivo
imaging of specific molecular processes and signaling pathways.

OPTICAL IMAGING TECHNOLOGIES FOR PRECLINICAL
AND CLINICAL APPLICATIONS

The focus on optical imaging techniques for molecular imaging
is driven in large part by the sensitivity for imaging optical
contrast agents and reporter molecules in vivo. The lower limits
of detection for optical imaging may reach picomolar or even
femtomolar concentrations of an optical reporter or contrast agent.
Combined with the minimal background of techniques such as
bioluminescence imaging and fluorescence imaging in the near-
infrared spectrum, the signal-to-background ratio for detecting
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specific molecular signals equals or exceeds that which can be
achieved with other molecular imaging modalities.

A key challenge for optical imaging probes and instrumentation,
particularly those targeted toward eventual clinical applications, is
overcoming attenuation and scattering of light by tissues. For light
in the visible spectrum, absorption by hemoglobin and other mol-
ecules may reduce optical signals by approximately 10-fold per
centimeter of tissue (/). To image fluorescence in deeper tissues,
investigators have developed strategies for imaging near-infrared
fluorescence (NIRF) with emission wavelengths between 650 and
900 nm. At these wavelengths, absorption of light by hemoglobin,
lipids, and water is lowest, and tissue autofluorescence also is
greatly reduced. As a result, the sensitivity for NIRF imaging agents
is greatly enhanced, potentially allowing for tomographic optical
imaging signals to be detected at depths of 7-14 cm (2).

Differential absorption of light by tissues also produces images
that are weighted toward optical reporters and probes that are
located closer to the surface of a subject. While this limitation is
being overcome with 3-dimensional imaging and analysis tech-
niques such as fluorescence molecular tomography (FMT) (3),
optical techniques typically allow relative quantification of imag-
ing signals, rather than absolute quantification possible with PET.
Despite these challenges, optical techniques have growing roles in
molecular imaging research and clinical translation.

Bioluminescence Imaging

Bioluminescence imaging is commonly used for preclinical
cellular and molecular imaging in small animals. Bioluminescence
refers to light produced by the enzymatic reaction of a luciferase
enzyme with its substrate (Fig. 1). Firefly (Photinus pyralis) lucif-
erase is the most frequently used luciferase for molecular imaging.
This enzyme oxidizes its substrate, luciferin, in a reaction that
requires oxygen and adenosine triphosphate (ATP), emitting light
with a broad emission spectrum and a peak at ~560 nm. Because of
tissue attenuation, red and far-red emissions from firefly luciferase
are detected preferentially for imaging in small animals. Luciferin
distributes throughout an animal rapidly after intraperitoneal
injection and passes across blood-tissue barriers including the
brain and placenta. Light from firefly luciferase peaks ~10-12 min
after injection of luciferin and decreases slowly over 60 min (4),
providing a broad time window for acquiring images. The com-
bination of enzymatic amplification of signals from luciferase and
the almost negligible background bioluminescence in vivo makes
bioluminescence imaging with firefly luciferase a highly sensitive
method for small-animal molecular imaging.

There are a variety of luciferase enzymes from other organisms
that possess unique spectral characteristics and substrate require-
ments. Luciferases from a click beetle, Pyrophorus plagiophthala-
mus, have been optimized to produce green—orange (544 nm) or red
(611 nm) light after oxidizing luciferin. Despite the potential
advantages of 611-nm emission for in vivo imaging, firefly
luciferase remains the preferred enzyme for bioluminescence
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molecular imaging because its reaction with luciferin produces
more light. Renilla (sea pansy) and Gaussia (marine copepod) lucif-
erases react with a different substrate, coelenterazine, to produce blue
light with peak emission at approximately 480 nm. These enzymes
are ATP-independent and are smaller than firefly luciferase, which is
advantageous for producing genetic fusions with other proteins (5).
The blue emission wavelength of these enzymes, limited biodis-
tribution and rapid kinetics of coelenterazine in small animals, and
higher background have restricted in vivo applications for molecular
imaging (6—8). Generating red-shifted variants of these marine lucif-
erases, such as has been accomplished recently for Renilla lucit-
erase, will greatly improve their uses in small-animal imaging (9).

Lux operons from bacteria, such as Photorhabdus luminescens,
emit blue light that has been used to image bacterial pathogenesis.
The lux operon encodes all proteins required for bioluminescence,
so bacteria engineered to express the lux operon do not require an
exogenous substrate to produce light. Unfortunately, attempts to
incorporate this suite of genes into mammalian cells have been
unsuccessful. The availability of multiple luciferase enzymes
allows 2 different biologic processes to be monitored in vivo, using
appropriate spectral filters and substrates (/0). Although bio-
luminescence imaging is unlikely to be used in humans, this
technique is a powerful tool to interrogate mechanisms of disease
and accelerate drug development in preclinical models.

Fluorescence Imaging

In fluorescence imaging, an external light of appropriate wave-
length is used to excite a target fluorescent molecule, followed
almost immediately by release of longer-wavelength, lower-energy
light for imaging. Targets for fluorescence imaging may be endog-
enous molecules (such as collagen or hemoglobin), fluorescent
proteins (green fluorescent protein [GFP] and related molecules), or
optical contrast agents with fluorescent molecules. Although each of
these sources of fluorescence can be used for cellular and molecular
imaging in small-animal models, optical contrast agents have the
potential to extend from preclinical research to patient care.

In vivo fluorescence imaging encompasses a wide range of
resolution and imaging depths, including subcellular analysis at

<400 pm with intravital microscopy and whole-animal imaging
with 1- to 3-mm spatial resolution at <10 cm with FMT (/7). In
addition, fiber-optic endoscopes with confocal or 2-photon laser
fluorescence imaging will facilitate clinical use of fluorescence
molecular imaging with targeted optical contrast agents (/2). Manu-
facturers also have developed filter sets and algorithms for unmixing
spectra of several different fluorescent signals, resulting in greater
sensitivity for detecting multiple fluorescent reporters in vivo (/3).
Fluorescence imaging at depths greater than a few millimeters
requires NIRF probes and dyes. There is an ever-growing list of
fluorophores for NIRF imaging in small animals, including Cy5.5,
the Alexa dye series, indocyanine green, and quantum dots. Whereas
potential toxicity may limit applications of Cy5.5 or quantum dots
in patients, gaining Food and Drug Administration approval for
clinical use of a NIRF dye will be a key step toward using
fluorescence imaging for routine clinical applications. In addition,
there are ongoing challenges to develop contrast agents targeted to
specific molecules, especially agents in which fluorescence is
quenched until released by a specific enzyme or defined target.

Quantification of Optical Imaging Data

Optical imaging data typically are quantified by region-of-interest
(ROI) analysis, measuring photon flux for bioluminescence and
absorption units or efficiency for fluorescence. Quantification is
complicated by variable attenuation of light in different organs and
tissues. For example, less light will be detected from the same num-
ber of molecules of luciferase in the liver as compared with the
lung (/4). For 2-dimensional images, optical signals within a given
ROI may represent the summation of overlapping anatomic structures.
Tomographic optical imaging techniques, such as FMT, partially
overcome these limitations and improve the accuracy of data
analysis (/7). Although current optical imaging technologies provide
relative quantification of signals, a key strength of optical imaging
for preclinical studies is the ability to measure inhibition and
dissociation constants in vivo (/5—17). As a result, both biolumines-
cence and fluorescence imaging have been used to assay pharma-
codynamics of therapeutic agents in vivo, establishing dosing
parameters to guide initial clinical trials and eventual clinical
applications.

Imaging Signaling Pathways and Molecules

Strategies based on protein-assisted complementation of lucif-
erases have proven to be particularly versatile for imaging protein
interactions and signaling pathways. Each luciferase enzyme can
be divided into 2 inactive or minimally active fragments that do not
spontaneously associate (/6,/8-20). When these separate frag-
ments of luciferase are fused to interacting proteins, association
between the proteins of interest brings luciferase fragments into
close proximity, reconstituting enzymatic activity. Therefore, bio-
luminescence can be used to monitor association and dissociation
of 2 proteins during intracellular signaling or in response to therapy.

Renilla, firefly, and Gaussia luciferase complementation has
been used to detect constitutive, reversible, or drug-mediated protein
association and dissociation in cells and mice (16,18,21-23). The
ability to monitor specific protein interactions and their disruption
in response to therapeutic compounds provides a facile system to
screen for inhibitors of protein interactions, which is a current
focus of drug development.

Luciferase complementation also has been used to produce
novel sensors of biologic pathways. Paulmurugan and Gambhir
used Renilla luciferase complementation to develop a sensor for
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estrogen signaling and effects of agonists, antagonists, and partial
agonists of the estrogen receptor (24). Rehemtulla and coworkers
developed a firefly luciferase complementation reporter for kinase
activity of the oncogene AKT, which could quantify activation and
pharmacologic inhibition of this kinase in cultured cells and mice
(Fig. 2A) (I7). These reporters for key signaling pathways prom-
ise to accelerate drug discovery and development, which will
improve therapy for cancer and other diseases.

Imaging Protein Stability

Degradation of proteins mediated by the ubiquitin—proteasome
system regulates key cellular processes, including cell cycle pro-
gression, inflammation, and neurodegenerative diseases, and the
proteasome is a promising target for cancer therapy. Recent
studies show the power of molecular imaging to analyze the
proteasome and stability of target proteins. Luker et al. generated
a bioluminescent reporter that allowed in vivo monitoring of
proteasome function and inhibition in response to pharmacologic
agents (Fig. 2B) (15). Notably, this reporter revealed differences in
proteasome function in response to acute versus chronic inhibition
with the chemotherapeutic drug bortezomib.

Other studies have imaged the stability of proteins that are
degraded by the proteasome, using reporters in which a protein of
interest is fused to firefly luciferase. Kaelin and coworkers
generated reporters for stability of p27, a negative regulator of the
mammalian cell cycle, and Hif-1a, a transcription factor that is
stabilized under hypoxic conditions (25,26). Similarly, Gross et al.
produced a luciferase reporter to image stability of IkBa,
a negative regulator of transcription factor NF-kB (27). For each
reporter molecule, the level and stability of the reporter protein
paralleled those of the respective endogenous proteins in cultured
cells and mouse models, allowing effects of physiologic stimuli

and therapeutic agents to be monitored with bioluminescence
imaging. In addition to studies in transfected cells and tumor
xenografts, Kaelin’s group also made a genetically-engineered
mouse expressing the Hif-1a-luciferase reporter and used this
animal to image unique effects of normoxia and hypoxia on the
kidneys. These studies emphasize the power of molecular imaging
to monitor levels of specific proteins in vivo.

In Vivo Detection of Protease Activity

Because proteases are central to diseases, including cancer and
atherosclerosis, there is intense interest in imaging protease
activity. Weissleder and coworkers have developed and validated
a large number of fluorescent NIRF probes for intracellular and
extracellular proteases, such as cathepsins, matrix metalloprotein-
ases, HIV protease, and urokinase plasminogen activator (28). In
general, these protease sensors are designed as quenched NIRF
probes that contain consensus recognition and cleavage sites for
the protease of interest. The intact, quenched probe has a very low
level of fluorescence, but protease activity cleaves the imaging
substrate and produces substantially increased fluorescence for
imaging. These fluorescent probes are powerful tools for spatial and
temporal analyses of molecular mechanisms of disease in vivo.
For example, Grimm et al. used microarray analysis to determine
that cathepsin cysteine proteases are upregulated in a mouse
model of lung adenocarcinoma (29). Using a fluorescent probe for
cathepsins and 3-dimensional imaging with FMT, these researchers
were able to identify tumors as small as 1 mm in vivo and coregister
the fluorescent signals with tumor masses identified by microCT.

Jiang et al. developed protease reporter molecules based on
a fluorophore (Cy5) linked to a polycationic cell-permeant peptide,
specific protease cleavage site, and polyanionic peptide (30).
Protease activity at the surface of tumor cells cleaves the reporter
peptide and allows the permeant peptide to carry the fluorophore
into adjacent cells. This strategy allowed in vivo detection of
matrix metalloproteinase-2 activity in tumor xenografts, although
the 2-fold contrast enhancement is modest. Though this appears to
be a general method for imaging protease activity, further opti-
mization is needed to enhance the imaging signal.

Strategies to Improve Detection of Tumor Margins
and Metastatic Foci

Another goal in molecular imaging is to improve detection of
small foci of primary or metastatic cancer and distinguish bound-
aries between malignant and normal tissue. Kobayashi and col-
leagues developed a 2-step activation strategy for sensitive, specific
detection of peritoneal metastases in mouse models (37). Tumors
initially were pretargeted with a biotinylated antibody to epi-
dermal growth factor receptor. After allowing the primary antibody
to clear, the pretargeted antibody was revealed with a neutravidin-
conjugated fluorescent secondary antibody, allowing detection of
submillimeter tumor foci in the peritoneal cavity. Although not
tested formally, the pretargeting strategy with activated fluorescence
should be a general platform for fluorescence molecular imaging of
a wide variety of cell-surface molecules.

A complementary strategy for delineating malignant cells has
been developed for glioma, a cancer in which tumors commonly
recur at the surgical margin. Veiseh et al. synthesized
a bioconjugate of chlorotoxin and the NIRF dye CyS5.5 that
preferentially binds to glioma cells in a process dependent on
matrix metalloproteinase-2 (32). When injected intravenously, this
agent crossed the blood—brain barrier and bound to malignant, but
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not normal, cells in the brain. Tumor foci composed of a few
hundred cells were detectable in vivo. Because chlorotoxin has
been administered safely to patients with glioma, this optical
imaging agent appears to have great potential for clinical
translation.

CONCLUSION

Optical molecular imaging techniques have become essential
tools for studying small-animal models, providing unique insights
into disease pathogenesis, drug development, and effects of
therapy. In this way, optical imaging already is making a sub-
stantial impact on basic and translation medical research (33).
Fluorescence imaging is entering initial clinical testing in areas
such as breast imaging and endoscopy. For example, diffuse
optical spectroscopy of hemoglobin and deoxyhemoglobin in
breast tumors shows promise as a biomarker for effective
neoadjuvant chemotherapy in cancer patients (34). As molecular
contrast agents translate from preclinical studies to patients,
potential applications of optical molecular imaging in clinical care
are expected to expand dramatically. Although there will continue
to be challenges with interrogating fluorescence in deep tissues,
diagnostic tests in which the detection instrument can be posi-
tioned near the fluorescent probe—such as endoscopy, intra-
operative scanning, and breast imaging—are likely to flourish.
Therefore, optical fluorescence imaging will be a key part of
advancing molecular imaging into direct applications in patients.

Gary D. Luker
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University of Michigan
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