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Real Time Non-Invasive Imaging of Receptor–Ligand
Interactions In Vivo
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Abstract Non-invasive longitudinal detection and evaluation of gene expression in living animals can provide
investigators with an understanding of the ontogeny of a gene’s biological function(s). Currently, mouse model systems are
used to optimize magnetic resonance imaging (MRI), positron emission tomography (PET), single-photon emission
computed tomography (SPECT), and optical imaging modalities to detect gene expression and protein function. These
molecular imaging strategies are being developed to assess tumor growth and the tumor microenvironment. In addition,
pre-labeling of progenitor cells can provide invaluable information about the developmental lineage of stem cells both in
organogenesis and tumorigenesis. The feasibility of this approach has been extensively tested by targeting of endogenous
tumor cell receptors with labeled ligand (or ligand analog) reporters and targeting enzymes with labeled substrate (or
substrate analog). We will primarily discuss MRI, PET, and SPECT imaging of cell surface receptors and the feasibility of
non-invasive imaging of gene expression using the tumor microenvironment (e.g., hypoxia) as a conditional regulator of
gene expression. J. Cell. Biochem. 90: 454–463, 2003. � 2003 Wiley-Liss, Inc.
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The study of gene expression or protein
function is usually carried out ex vivo. Gener-
ally, these experiments require that tissue
samples or cultured cells be subjected to fixation
or consumed prior to analyses resulting in
the loss of native structure and function. The
resulting preparations are then probedwith the
desired reagents (e.g., antibodies, ligands, oli-
gonucleotides, or enzymatic substrates) which
have been labeled with a reporter moiety or
are reacted with a second labeled compound.
Labels include fluorochomes, radionuclides,
spin labels, or precursors whose metabolites
are; for example, precipitated dyes or reactive
oxygen species, all of which provide a means for
detection. These techniques attempt to provide

information about a macromolecule’s expres-
sion pattern (cellular or tissue), structural
integrity, interactions, or function. However,
information about the native state of the system
can only be obtained by probing living organ-
isms over aperiod of time.Agoal of non-invasive
imaging modalities is to detect gene expression
and harness information regarding the spatial-
temporal expression pattern as well as its effect
on the cellular environment in real-time.

Currently, technologies are being developed
to facilitate continuous detection of gene expres-
sion. Emerging techniques are demonstrating
that evidence of biochemical events suchasgene
expression, protein–protein interactions, enzy-
matic activity, and apoptosis can be obtained
in real-time in vivo with little or no artificial
manipulations of cultured cells or living ani-
mals [Jacques and Desreux, 2002]. An advan-
tage of these non-invasive approaches is the
longitudinal evaluation of gene expression in
living cells and animals, which can provide
investigators with a better understanding of
the ontogeny of a gene’s biological function(s).
In addition, this repeated imaging capability
can be applied to in situ tracking of cell mi-
gration including stem cells and metastatic
progression. Continued advances in imaging
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technologies are at the heart of this revolution
and include magnetic resonance imaging
(MRI), positron emission tomography (PET),
single-photon emission computed tomography
(SPECT), as well as various optical imaging
methods that are based on fluorescence, fluor-
escence resonance energy transfer (FRET),
near infrared fluorescence (NIRF), multiphoton
fluorescence, and luminescence. A detailed
discussion of each of these fields is beyond the
scope of this review and the reader can find
specifics in several recent articles and refer-
ences there in [Centonze and White, 1998;
Weissleder et al., 1999; Dodeigne et al., 2000;
Chatziioannou, 2002; Jacques and Desreux,
2002; Yamagoe et al., 2003]. We have limited
our discussion to the use of MRI, PET, and
SPECT imaging with appropriately labeled
ligands for targeting of cell-surface receptors.
During the course of reviewing this material, a
very brief introduction to the use of labeled
substrates for detection of enzymatic activity
also emerges. Finally, wewill briefly discuss the
future use of imaging modalities, which we
believe well be based on the detection of the
controlled expression of genes.

CELL-SURFACE RECEPTOR IMAGING

In vivo applications of targeted imaging
began with the production of antibodies to cell
surface antigens [Hazra and Sharma, 1982].
The rationale behind this approach was that
antibodies, particularly monoclonal antibodies,
could be produced with very high specificities to
a cell surface antigen of choice. Here, high
specificity refers to the interaction of ligand or
antibody with a single unique epitope as well as
a dissociation constant (Kd) at or below the
nanomolar (nM) range. Taking advantage of
the fact that certain tumors or disease tissues
have abnormal expression of specific antigens,
detection of theseantigens by labeledantibodies
continues to be pragmatic and a feasible
approach to image diseased lesions. The bulk
of this work has centered on imaging tumors or
delivering therapeutic agents tethered to the
antibodies to tumors [Baxter and Jain, 1996].
Recent advances in this area include the
production of chimeric humanized monoclonal
antibodies. To facilitate diffusion, other anti-
body subtypes are being designed that have
much lower molecular weights, referred to as
minibodies (80 kDa) and the 55 kDa diabodies

[Wu et al., 1999; Wu et al., 2000; see Fig. 1].
These antibodies have less antigenicity in
humans compared to murine monoclonal anti-
bodies that elicit an immune response preclud-
ing their use in longitudinal radiotherapeutic
regimes, which require several doses of radi-
olabeled antibody over the course of weeks or
months. The development of humanized anti-
bodies was undertaken to address this problem.
In addition, the smaller chimeric antibodies
have pharmacokinetic properties [Thomas et al.,
1989; Williams et al., 2001] that favor their
use in PET studies where the half-lives of the
radionucleotides are on the order of hours
(18F �1.9 h and 64Cu �12 h). Diabodies labeled
with 64Cu, are showing very promising results
as imaging agents [Wu et al., 1999]. These
studies indicate that the previous difficulties of
delivering antibodies to the site of interest and
antibody antigenicity are being significantly
reduced.

Amajor hurdle in imaging specific antigens is
the diffusion of large labeled molecules to the
target site. Large molecules like whole IgG
(150 kDa) have low diffusion coefficients and
exhibit decreased extravasation from the capil-
laries to the interstitial spaces [Thomas et al.,
1989]. In addition, antibodies can be interna-
lized following their interaction with the cog-
nate antigen, making longitudinal studies
dependent upon the antigen turnover rate.
Given these limitations, investigators have
been seeking other cell surface targets that
bind much smaller molecules and several
laboratories are exploring the use of normal
human cell-surface receptors as imaging tar-
gets (Table I). Investigators have attempted to
target both endogenously expressed receptors
and those on engineered tumor cells that over-
express a receptor of choice (Fig. 2). Tumor cells
have been engineered to express particular
receptors in situ through gene therapy-like
techniques by injection of viral vectors carrying
the gene of choice to subcutaneous xenografts
(SCXs) or ex vivo by standard transfection
methodologies. The receptors that are being
studied can be targeted with low molecular
weight, i.e., �2 kDa, ligands (Fig. 1), which
should possess traits of high blood pool clear-
ance through the kidneys and rapid uptake at
the targeted site. Generally, the rationale
remains the same as that for antibody use, i.e.,
the delivery of a highly specific reporter molec-
ule (seeTable I forKds) to a cell surfacemolecule
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Fig. 1. Examples of antibodies and ligands being tested in
cell-surface antigen or cell-surface receptor directed molecular
imaging. In the case of the antibodies metal chelators are usually
conjugated to amino groups while in the case of Octreotide
chelators have been coupled to the amino-terminus’ NH2 group
and for folic acid attachment has been done through the

carboxyls. Such chelators are necessary if metal labels such as
64Cu, 99mTc, or Gd are to be attached to these peptides. 18F and
125I labels are circled. hSSTr2 denotes human somatostatin type-
2 receptor. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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that exhibits preferential/specific expression in
diseased tissue.

SOMATOSTATIN TYPE-2 RECEPTOR

Human somatostatin type-2 receptor
(hSTTr2) is a member of the G-protein coupled
family of receptors [Zinn and Chaudhuri, 2002]
that are characterizedby seven transmembrane
domains and a cytosolic domain that interacts
with G-proteins. Its naturally occurring ligand,
somatostatin, is a 14 amino acid cyclic peptide
(AGCKNFFWKTFTSC). Interest in hSSTr2 as
an imaging target came about when it was re-
cognized thatmany types of tumors overexpress
it and that ligand binding initiates an anti-
proliferative signal cascade. Thus, targeting
hSTTr2 has been considered as a therapeutic
strategy for modulating tumor growth as well
for imaging. It was discovered early on that
somatostatin could not be used as an imaging
ligand because of its short circulating half-life of
<3 min, resulting from its enzymatic degrada-
tion in the blood stream. To overcome this
problem several somatostatin analogs, such as
Octreotide (Fig. 1), have been prepared that are
not readily degraded in the blood stream and
still exhibit a high affinity for hSSTr2 (Table I).
These analogs have been labeled with various
radionuclides for PET (18F, 66Ga, and 64Cu) and
SPECT (99mTc) imaging studies, as well as with
therapeutic radionuclides such as 188Re [Zinn
et al., 2000; Ugur et al., 2002]. Imaging of
hSSTr2 is being extended to the indirect detec-
tion of gene expression during gene therapy
[Zinn and Chaudhuri, 2002]. In this case, the
hSSTr2 is the reporter gene in a dual expression
vector that allows a second gene of choice to be
co-expressed with hSSTr2 (Fig. 3). Thus, detec-
tion of hSSTr2 indicates that the same cells
harbor the gene of choice, which can encode a
therapeutic gene [Iyer et al., 2001] or tumor
suppressor gene such as p53 or p16 [Steiner
et al., 2000; Lane and Lain, 2002].

DOPAMINE D2 RECEPTOR (D2R)

The humanD2R is anotherG-protein coupled
receptor [Senogles, 1994]. Labeled dopamine
and dopamine analogs such as 3-(20-[18F]fluor-
oethyl-spiperone (Fig. 1) are being used to de-
tect andmonitor D2R expression [Satyamurthy
et al., 1986]. Generally, D2R imaging provides a
non-invasive means to assess dopamine uptake
in the striatum. These are functional studies as
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low amounts of reporter binding should reflect
loss of dopamine receptor and the cellular brain
functions that it regulates. These studies indi-
cate the feasibility of obtaining clinically rele-
vant information on brain status an area that
may otherwise be inaccessible. In addition, it

has now been shown that D2Rs are expressed
throughout the gastrointestinal tract and thus,
targeted imaging of gastrointestinal tumors
via D2R is being explored [Lemmer et al.,
2002]. High affinity D2R ligands have been
developed (Table I) and labeled with a variety of

Fig. 2. Schematic representation of cellular pathways that
generate molecular imaging targets. Targets can provide func-
tional information about gene expression during gene therapy or
gene expression in engineered cells or about gene expression that
is controlled by microenvironmental conditions (see Fig. 4).
Nuclear transcription from an exogenously introduced plasmid
or from endogenous genomic DNA and cytosolic translation of
the resulting mRNAs is depicted. This provides the protein
targets, i.e., cell-surface receptors or cytosolic enzymes. Cell-
surface receptors; for example, somatostatin type-2 or folate or

enzymes, such as, Herpes simplex virus thymidine kinase
(HSVtk), are then targeted with appropriately labeled receptor
ligand or enzyme substrate. Labeled enzyme substrates; for
example, 8-[18F]Fluorogancyclovir (see Fig. 1), are designed in a
manner that allows them to readily transverse the cytosolic
membrane. However, upon metabolism the then labeled
products, which are usually cytotoxic; for example, tripho-
sphorylated 8-[18F]Fluorogancyclovir, remain trapped within
the cell. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 3. Illustration of a dual expression plasmid or vector
construct showing in tandem a promoter-therapeutic gene linked
with a promoter-reporter gene. Examples of therapeutic genes
that are being used in these types of constructs include HSVtk,
p53, and p16. Examples of reporter genes include b-galactosi-
dase, green fluorescence protein, luciferase, hSTTr2, and
dopamine type-2 receptor. Promoter-1 and promoter-2 can be

identical or different. In addition these promoters can be
constitutive such as the human cytomegalovirus promoter or
tissue specific such as the whey acidic protein promoter or
conditional such as the hypoxia response element (HRE)
promoter. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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radionuclides for PET (11C and 18F) and SPECT
(123I) imaging. D2R is also being tested as a
potential reporter gene (Fig. 3) as described for
hSSTr2 [MacLaren et al., 1999].

FOLATE RECEPTOR

Human folate receptor (hFR) sometimes
referred to as folate-binding-protein, is a glyco-
sylphosphatidylinosital membrane anchored
protein that possesses high affinity for folate
(Table I) and transports it into cells [Holm et al.,
1999]. hFR is overexpressed on a variety of
tumorsandmaybeamarker for breast, cervical,
ovarian, colorectal, renal, and nasopharyngeal
cancers. Thus, similar to hSSTr2, targeted
imaging of the hFR is an important strategy
for the diagnostician because it may allow for
the non-invasive detection of cancerous lesions
as well as the monitoring of tumor growth/
regression following cancer therapy. Folate
(Fig. 1) has been labeled with 99mTc for scinti-
graphy (although SPECT could be applied)
[Leamon et al., 2002] and Gd for MRI [Konda
et al., 2002].

TRANSFERRIN RECEPTOR

Transferrin receptors shuttle iron into cells
via the iron binding protein transferrin,
through endocytosis. Normally, this is not a
continuous process and transferrin receptor
expression is regulated by the iron concentra-
tion inside the cell. Once sufficient iron con-
centration is attained, transferrin receptor
expression is down-regulated. Weissleder et al.
[1999] have engineered a variant human trans-
ferrin receptor to circumvent this regulatory
circuit. They have shown that cancer cells that
overexpress these mutant receptors can con-
tinuously load large amounts of iron into the
cell. They have conjugated transferrin to mono-
crystalline iron oxide nanocompounds (MIONs)
and used this reagent to target tumor cells that
overexpress the mutant transferrin receptor.
This strategy allows them to image tumors that
overexpress the mutant transferrin receptor
using MRI. The principle advantage of MRI
imaging is its high spatial resolution however,
sensitivity is low and the ability to acquire
specific MRI images requires the presence of
high local concentrations of contrast agent, such
as iron oxide. Weissledder’s experiments sug-
gest that receptor-mediated MRI of tumors is
possible.

OTHER RECEPTORS UNDER DEVELOPMENT
FOR TARGETED IMAGING

As indicated in Table I, several other recep-
tors are under development for targeted ima-
ging. TargetedSPECT imaginghas beenused to
quantify and evaluate the functional status of
dopamine transporter in the brain [Guilloteau
et al., 1998; see Fig. 1 for an example of a
dopamine transporter ligand]. As with targeted
D2R imaging, obtaining information on the
functional status of brain biochemistry can only
be realized through non-invasive imaging tech-
niques and targeting the dopamine transporter
is one option (e.g., monitoring Parkinson’s
disease by measuring dopamine transporter
content in the striatum). Along these lines,
serotonin-1A receptors (5-HT1A) which regulate
mood, sleep, as well as learning, are being
explored as targets of PET imaging [Plenevaux
et al., 2000]. This would allow the monitoring of
physiologic changes at this receptor in patients
with sleep disorders, for example.

In understanding cancer biogenesis, the
sigma-2 receptor is thought to be overexpressed
in many tumors and such expression may be
correlated to the proliferative state of some
tumor cells. Thus, sigma-2 based scintigraphy
studies have been initiated to test the ability to
monitor tumor proliferation in breast cancer
[Choi et al., 2001]. Also, melanoma is being
targeted via the a-melanocyte stimulating hor-
mone receptor (a-MSHr) using appropriately
labeled a-MSH analogs (Fig. 1), which are
metabolically stable versions of a-MSH and
thus, are not readily degraded in the blood
stream [VaidyanathanandZalutsky, 1997]. It is
thought that pulmonary and gastrointestinal
neuroendocrine tumors might be specifically
targeted with labeled analogs of gastrin-releas-
ing peptide after induction of gastrin-releasing
peptide receptor (GRPr). This approach is being
tested [Rogers et al., 1997]. Neurotensin recep-
tor is also being studied as a possible target for
gastrointestinal neuroendocrine tumors using
labeled stabilized neurotensin [Garcia-Garayoa
et al., 2002]. Carcinoids constitute the highest
incidence of neuroendocrine cancers and pre-
dominately occur as gastrointestinal tumors.
Vasoactive intestinalpeptide (VIP) isa28amino
acid peptide with high affinity for VIP receptor
(VIPR). Overexpression of VIPR on carcinoids
may be correlated to the proliferative state of
these tumors. Thus, VIPR has been targeted for
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scintigraphy studies by 123I-labeled VIP as a
mode of detecting and monitoring carcinoids
[Raderer et al., 2000].

Finally, targeting the insulin receptor with
124I-labeled insulin for PET imaging is being
studied from the perspective that in vivo
evaluation of insulin receptor expression in in-
accessible areas such a brain and myocardium
may provide a better understanding of the
pathogenesis of obesity and degenerative dis-
ease [Iozzo et al., 2002].

CAVEATES OF RECEPTOR BASED IMAGING

The targeting of endogenous receptor expres-
sion suffers from a number of potential con-
founding drawbacks. As indicated in Table I,
absolute specificity is usually lost due to uptake
of labeled ligand outside the targeted site. This
occurs because receptor expression occurs in
several types of tissue. Some of the conse-
quences of this are false positives during data
interpretation, the possible masking of the
signal or obstruction of lesion detection inside
of an area of high non-specific uptake, as well as
subjecting normal tissue to toxic labeled ligand.
Furthermore, although the amount of non-
specific uptake in any one tissue may be
relatively low, the cumulative effect can be
substantial. This removes the amount of labeled
ligand that is available for interactions at the
site of interest and requires higher than other-
wise needed doses of labeled ligand. There is
also the problem of competition of administered
ligandwith endogenous ligand [Cumming et al.,
2002]. This can cause an attenuation of signal at
the targeted site. Moreover, many of the
receptors under evaluation are the first compo-
nents of potent signal transducing pathways
[Liang et al., 2001]. Thus, ligand binding by
these receptors triggers intracellular signaling
cascades that can bring about changes in gene
expression. Such changes disrupt normal cel-
lular physiology and if coincident with para-
crine or endocrine events might bring about
physiological changes throughout a tissue as
well as systemically. These changes conformed
the measurement of native physiological pro-
cesses. Finally, while most receptor studies
are currently geared towards tumor targeting,
one needs to recognize that many tumors
have altered receptor expression that can vary
during the course of tumorigenesis [Edwards,
1985]. Often a receptor’s expression is dimin-

ishedorlostatsomepointintheprogressionofthe
cancer.Suchlossescangiverisetofalsenegatives
whenevaluatingtargetedligandbindingstudies.

Some of these difficulties have been partially
addressed. For instance, a mutant D2R, which
upon ligand binding does not initiate its signal
cascade, has been studied [Liang et al., 2001].
Also, enhanced continuous receptor expression
can be obtained by linking the gene of interest to
a tissue specific promoter.

FUTURE IMAGING OF CELL
SURFACE RECEPTORS

Emerging imaging strategies continue to
focus on optimizing the target to non-target
ratio. One approach is the use of gene therapy
techniques, which are based on viral vector
delivery systems such as adenoviral packaged
vectors. The genetic constructs carried by these
vectors are designed for controlled expression of
the gene of choice. This is achieved by placing
the gene under the control of tissue specific
promoters or conditional promoters (Fig. 4). In
the latter case, enhancement or repression of
gene expression is regulated by transcription
factors that are repressed, induced, or stabilized
by alterations in the tumor microenvironment;
for example, oxygen concentration or pH.

Currently GRPr placed under the control of
tumor specific promoters, either erbB-2 or
DF3 (MUC1), has been shown to be expressed
solely on breast and pancreatic tumor cells
[Stackhouse et al., 1999]. In another example,
the Herpes simplex virus type-1 thymidine
kinase (HSV1tk) gene placed under the control
of a-lactalbumin promoter showed expression of
HSV-tkwas limited to breast tumor cells, which
were subsequently susceptible to gancyclovir
(Fig. 1) treatment (as exemplified in Fig. 2)
[Anderson et al., 1999]. Similarly, retroviral
delivery of reporter b-galactosidase (b-gal)
underwhey acidic protein has provided ameans
of limiting b-gal expression to mammary tumor
cells [Ozturk-Winder et al., 2002]. Also, lucifer-
ase-reproter gene has been placed under the
control of chimeric prostate specific enhancers
for prostrate specific expression [Wu et al.,
2001]. All of these tissue specific promoters
could be tailored for use with receptor expres-
sion as has been reported for the GRPr.

For conditional receptor expression the hypo-
xia response element (HRE), grp78 stress-
inducible promoter, or pH response element
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can be used to control gene expression. Genes
under HRE control exhibited controlled expres-
sion of the reporter gene to those areas of a solid
tumor that were under low oxygen tension
[Dachs and Tozer, 2000; Wouters et al., 2002].
The grp78 stress-inducible promoter has been
used for the conditional control of suicide
therapy [Chen et al., 2000]. Finally, the pH
response element ought to be capable of limiting
gene expression to those regions of a tissue or
tumor that undergo changes in pH [Laterza and
Curthoys, 2000].
In summary, a variety of non-invasive ima-

ging modalities have been under development
for some time now [Wrenn et al., 1951; Hinshaw
et al., 1978; Hoffman and Phelps, 1986]. A
general goal continues to be focused on devising
methods that resolve, in real time, the func-
tional status of individual tissues and organ
systems in vivo at the molecular level. As we
learn more about the differential expression of
cell specific receptors and thus, tissue specific
receptors, our ability to view the functional
status or diseased state of these living sys-

temswith highly specific probes will continue to
increase. Moreover, the use of conditional
expression systems will heighten our abilities
to achieve specificity and will provide us with
probing systems that will allow us to better
understand the tumor microenvironment as
well as the cellular alterations that occur during
tumor biogenesis.
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