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Abstract Non-invasive in-vivo molecular genetic imaging developed over the past
decade and predominantly utilises radiotracer (PET, gamma camera, autoradiogra-
phy), magnetic resonance and optical imaging technology. Molecular genetic imag-
ing has its roots in both molecular biology and cell biology. The convergence of
these disciplines and imaging modalities has provided the opportunity to address
new research questions, including oncogenesis, tumour maintenance and progres-
sion, as well as responses to molecular-targeted therapy. Three different imaging
strategies are described: (1) “bio-marker” or “surrogate” imaging; (2) “direct”
imaging of specific molecules and pathway activity; (3) “indirect” reporter gene
imaging. Examples of each imaging strategy are presented and discussed. Several
applications of PET- and optical-based reporter imaging are demonstrated, includ-
ing signal transduction pathway monitoring, oncogenesis in genetic mouse models,
endogenous molecular genetic/biological processes and the response to therapy in
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animal models of human disease. Molecular imaging studies will compliment estab-
lished ex-vivo molecular-biological assays that require tissue sampling by providing
a spatial and a temporal dimension to our understanding of disease development and
progression, as well as response to treatment. Although molecular imaging studies
are currently being performed primarily in experimental animals, we optimistically
expect they will be translated to human subjects with cancer and other diseases in
the near future.

1 Introduction

Medical imaging has undergone a remarkable revolution and expansion in the past
two decades, and this expansion coincides with novel molecular-based medical ther-
apies that have emerged following the complete sequencing of the human genome.
Recent progress in our understanding of the molecular genetic mechanisms in many
diseases and the application of new biologically based approaches in therapy are ex-
citing new developments. Novel “molecular therapies” have been developed that tar-
get specific oncogenic mutations in chronic myelogenous leukemia (CML) (Druker
etal. 1996), gastrointestinal stromal tumours (GIST) (Tuveson et al. 2001), and lung
cancer (Lynch et al. 2004). New gene-based therapies can provide control over the
level, timing and duration of action of many biologically active transgene products
by including specific promoter/activator regulatory elements in the genetic mater-
ial that is transferred. Controlled gene delivery and gene expression systems have
recently been developed for specific somatic tissues and tumours (Papadakis et al.
2004; Ray et al. 2004; Zhu et al. 2004; Sadeghi and Hitt 2005). For example, novel
gene constructs that target vectors to specific tissues/organs, and for controlling gene
expression using cell-specific, replication-activated and drug-controlled expression
systems. In addition, small radiolabelled compounds and paramagnetic probes are
being developed to image specific proteins in specific signalling cascades, and they
are being applied to monitor drug response. The inclusion of non-invasive imag-
ing of specific molecular genetic and cellular processes will accelerate our research
efforts and lead to more effective therapeutic strategies (Harrington et al. 2000;
Nakagawa et al. 2001).

Molecular imaging provides visualisation in space and time of normal as well
as abnormal cellular processes at a molecular genetic or cellular level of function.
Although the term “molecular imaging” was coined in the mid 1990s, it has its
roots in molecular biology and cell biology, as well as in imaging technology and
chemistry. For example, for many years researchers used reporter genes encoding
enzymes, such as bacterial B-galactosidase (lacZ gene) (Forss-Petter et al. 1990)
and chloramphenicol acetyltransferase (CAT gene) (Overbeek et al. 1985), to study
various cellular processes. However, ‘visualisation’ of these enzymes required post-
mortem tissue sampling and processing for precise quantitative analysis. Advances
in cell biology, especially the translation of these advances to clinical applications,
dictate the development of novel visualisation systems that would provide accurate
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and sensitive measurements, as well as allow visualisation in living cells, live ani-
mals and human subjects.

Molecular imaging in living animals is the direct result of significant develop-
ments in several non-invasive, in-vivo imaging technologies: (1) magnetic reso-
nance (MR) imaging (Ichikawa et al. 2002); (2) nuclear imaging (QAR, gamma
camera and PET) (Blasberg and Gelovani 2002); (3) optical imaging of small ani-
mals (Edinger et al. 2002; Weissleder 2002; Hoffman 2005), as well as two-photon
fluorescent imaging of viable cells, small organisms and embryos (Hadjantonakis
et al. 2002). It should be noted that these developments occurred more or less in
parallel to each other, and were largely independent of the advances that were occur-
ring in genetics and in molecular and cell biology during the 1980s and early 1990s.
However, each of these imaging technologies have had important antecedents. For
example, radionuclide-based imaging is founded on the radiotracer principle, first
described by George de Hevesy. In 1935, he published a letter in Nature on the
tracer principle using 3?P for the study of phosphorus metabolism (Chievitz and
Hevesy 1935; Myers 1979) and he was awarded the Nobel Prize in Chemistry in
1943. The tracer technique was later adapted for many applications in physiology
and biochemistry, as well as in functional diagnosis and use in nuclear medicine and
molecular imaging.

The convergence of the imaging and molecular/cell biology disciplines in the
mid 1990s is at the heart of this success story and it is the wellspring for further
advances in this new field. Although first applied to non-invasive in-vivo imaging
of small animals, molecular imaging paradigms are now being translated into clinic
imaging paradigms (Jacobs et al. 2001b; Penuelas et al. 2005) that will establish
new standards of medical practice. The development of versatile and sensitive non-
invasive assays that do not require tissue samples will be of considerable value for
monitoring molecular-genetic and cellular processes in animal models of human
disease, as well as for studies in human subjects in the future.

This new field of investigation has expanded rapidly following the establishment
of “cancer imaging” as one of six “extraordinary scientific opportunities” by NCI
in 1997-98. Subsequent funding initiatives have provided a major stimulus to fur-
ther the development of this new discipline. Substantial resources have been made
available to the research community through NCI’s Small Animal Imaging Re-
sources Program (SAIRP) and the In Vivo Cellular and Molecular Imaging Centers
(ICMIC) program. Similar funding initiatives have been developed by other NIH
Institutes and by the Department of Energy (DOE). In addition, a new NIH institute
— the National Institute for Biomedical Imaging and Bioengineering (NIBIB) —
has recently been formed to better represent the breadth of an expanding imaging
community. In addition, there are two new journals devoted the field of molecular
imaging — Molecular Imaging (BC Decker, Publisher; the official journal of the So-
ciety of Molecular Imaging, www.molecularimaging.org) and Molecular Imaging
and Biology (Springer New York, Publisher; the official journal of the Academy of
Molecular Imaging, www.ami-imaging.org), and other established imaging-related
journals have added “molecular imaging” components.
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2 Molecular Imaging Strategies

The most widely used molecular imaging modalities include: (1) optical (fluores-
cence, bioluminescence, spectroscopy, optical coherence tomography), (2) radionu-
clide (PET, SPECT, gamma camera, autoradiography) and (3) magnetic resonance
(spectroscopy, contrast, diffusion-weighted imaging). In addition, other modalities,
such as ultrasound and CT, are seeing increasing application and could be included
as well. The interaction of several disciplines, including molecular cell biology
and chemistry with different imaging modalities is illustrated by the Ven diagram
(Fig. 1), and illustrates the theme of this presentation. Namely, a multi-modality,
multi-disciplinary approach to molecular imaging provides many positive advan-
tages. Several of the imaging modalities (fluorescence, bioluminescence, nuclear,
and magnetic resonance) are illustrated in the following sections and their combined
advantage are highlighted.

Before discussing specific molecular imaging issues, it would be helpful to
briefly outline three currently used imaging strategies to non-invasively monitor and
measure molecular events. They have been broadly defined as “biomarker”, “direct”
and “indirect” imaging. These strategies have been discussed previously in several
recent reviews (Contag et al. 1998; Gambhir et al. 2000b; Tavitian 2000; Berger and
Gambhir 2001; Ray et al. 2001; Blasberg and Gelovani 2002; Gelovani Tjuvajev
and Blasberg 2003; Luker et al. 2003c; Weissleder and Ntziachristos 2003) and in
other perspectives on molecular imaging (Blasberg and Gelovani 2002; Contag and
Ross 2002; Gambhir 2002; Weissleder and Ntziachristos 2003; Min and Gambhir
2004; Shah et al. 2004).

Molecular Biology

. Optical
\
'| Imaging

N/

RI/MRS

Structural
Imaging

Fig. 1 Multidisciplinary approach to molecular imaging. Molecular and cell biology, along with
chemistry, provide the foundation and resources for developing novel in-vivo molecular constructs
and imaging paradigms. Three imaging modalities currently dominate the field, along with struc-
tural/anatomical imaging. This list will likely expand to include other modalities in the near future.
The Ven diagram emphasizes the interaction between disciplines and different imaging modalities;
it is this interaction that provides a broad new approach to the field
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2.1 Biomarker Imaging

Biomarker or surrogate-marker imaging can be used to assess downstream effects of
one or more endogenous molecular genetic processes. This approach is particularly
attractive for potential translation into clinical studies in the short-term, because ex-
isting radiopharmaceuticals and imaging paradigms may be useful for monitoring
downstream effects of changes in specific molecular genetic pathways in diseases
such as cancer. For example, tumour imaging of glucose utilisation using a radiola-
belled analogue of glucose (2'-fluoro-2’-deoxyglucose — ['®F]FDG) and positron
emission tomography (PET) is based on the fact that malignant tumours frequently
have high glycolytic rates (Warburg 1956). The images of increased glucose utili-
sation and increased glycolysis reflect increased glucose transport and hexokinase
activity, as well as the pathways that regulate these processes. This imaging strategy
has been recognized for nearly three decades and was initially applied to malignant
brain tumours by Di Chiro et al. (1982). Only small-bore (head-only) PET tomo-
graphs were available at that time, until the introduction of commercial whole-body
PET scanners in the early 1990s. Now, whole-body ['®F]FDG PET imaging is rou-
tinely and widely used in the clinic for tumour diagnosis and staging the extent of
disease (Shreve et al. 1999), as well as for monitoring the efficacy of anti-cancer
therapies (Schelling et al. 2000).

The regulation of glucose utilisation in cells is complex and reflects the sum of
multiple inputs at various levels involving different signalling pathways. For ex-
ample, increased glycolysis can be a response to an increase in cellular energy and
substrate requirements, to an increase in cell proliferation and synthesis rates, and to
the activation of specific oncogenic pathways that can occur in the presence of ade-
quate oxygen (Warburg effect). Although glucose uptake and glycolytic enzyme ac-
tivity are homeostatically regulated, glucose metabolism has also been shown to be
regulated by extracellular signals mediated by cell surface receptors such as cKIT.
Receptor-mediated regulation of glucose uptake is thought to involve activation of
PI3 kinase, Akt, mTOR (the kinase mammalian target of rapamycin) and S6 kinase.
Examples of this include the CD28 signalling pathway in T-cells and insulin recep-
tor signalling (Frauwirth et al. 2002). A likely explanation for the dramatic effect
of STI571 (Gleevec) on glucose uptake in GIST is that c-Kit receptor signalling
regulates/mediates glucose uptake as well as glucose metabolism. Interestingly, in
a lymphoma and a lymphocyte cell line, mTOR depletion or rapamycin treatment
and glucose deprivation trigger a stress response similar to a starvation phenotype
(Peng et al. 2002). In addition, various inputs that increase HIF-1o levels impact on
and increase glycolysis through enhanced translation and transcription; similarly,
the mutation and functional inactivation of specific proteins (e.g. VHL and p53)
that results in stabilisation and reduced degradation rate of the HIF-1a protein also
increase glucose transport and glycolysis.

Biomarker ['®F]JFDG PET studies have been extensively used to assess biological
effects occurring during neoplastic progression and to monitor the effects of therapy.
However, biomarker imaging may be relatively “non-specific”, in that it is likely to
reflect effects on more than a single protein or signalling pathway. Nevertheless,
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it benefits from the use of radiolabelled probes that have already been developed
and studied in human subjects. Thus, the translation of biomarker imaging para-
digms into patients will be far easier than either the direct imaging paradigms or
reporter transgene imaging paradigms outlined below. However, it remains to be
shown whether there is a sufficiently high correlation between “surrogate marker”
imaging and direct molecular assays that reflect the activity of a particular molecu-
lar/genetic pathway of interest.

Very few studies have attempted a rigorous correlation between biomarker imag-
ing and transcriptional activity of a particular gene, or post-transcriptional process-
ing of the gene product, or the activity of a specific signal transduction pathway
that is targeted by a particular drug. The application of biomarker imaging for mon-
itoring treatment response is gaining increasing attention, particularly as it relates
to the development and testing of new pathway-specific drugs. One recent example
of clinically useful biomarker imaging is the early (1-7 days) assessment of treat-
ment response with ['*FIFDG PET imaging, as applied to gastrointestinal stromal
tumours (GIST) pre- and post-imatinib mesylate (Gleevec, Glivec, STI571) treat-
ment (Demetri et al. 2002) (Fig. 2a). This is significant because imatinib mesylate
treatment specifically targets the c-Kit receptor tyrosine kinase that is mutated and
constitutively over-expressed in GIST, and the metabolic response to treatment is
observed within hours. ['8FJFDG PET imaging is also useful in monitoring patients
with GIST for recurrent disease or failure of current therapy (Fig. 2b).

Several clinical cancer trials involving mTOR inhibitors have been shown spo-
radic anti-tumour activity, leading to uncertainty about the appropriate clinical set-
ting for their use. Recently Thomas et al. (2006) have shown that loss of the Von
Hippel-Lindau tumour suppressor gene (VHL) sensitizes kidney cancer cells to the
mTOR inhibitor CCI-779, both in vitro and in mouse tumour models. Growth arrest
caused by CCI-779 was shown to correlate with a block in translation of mRNA en-
coding the hypoxia-inducible factor (HIF-1ot), and VHL-deficient tumours showed
increased uptake of ['®F]JFDG in an mTOR-dependent manner. Prior clinical PET
studies in individuals with kidney cancer indicate that only a proportion (~50-70%)
of these tumours accumulate FDG to high levels, consistent with the expected fre-
quency of VHL loss (Hain and Maisey 2003). These findings provide preclinical
data for prospective, ['®FJFDG PET biomarker-driven clinical studies of mTOR in-
hibitors in kidney cancer. It suggests that ['*FJFDG PET scans could be used as
a pharmacodynamic marker of treatment potential as well as response. Whether
imaging “surrogate markers” will be of value for assessing treatment directed at
other molecular/genetic abnormalities in tumours (EGFR, p53, c-Met, HIF-1, etc.)
remains to be demonstrated.

PET with ['8F]FDG is approved by the Center for Medicare and Medicaid Ser-
vices in the United States for diagnosing, staging, and restaging lung cancer, col-
orectal cancer, lymphoma, melanoma, head and neck cancer, and esophageal cancer.
Unfortunately, tumour cells are not the only cells that have high uptake of ['*F]FDG.
Recently, Maschauer and co-workers have shown that endothelial cells within the
tumours and vascular lesions exhibit high ['®F]JFDG uptake, and that it correlates
with enhanced by vascular endothelial growth factor (VEGF) expression. VEGF
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a Response: Time after Gleevec

Baseline 1 month 2 months

Fig. 2 ['®F]FDG PET imaging of GIST before and after treatment. In patients with gastrointestinal
stromal tumours (GIST), tumour glucose utilisation is very high and these tumours can be readily
visualised by ['®FJFDG PET. A striking observation in patients with GIST who are treated with
STI571 (Gleevec) was the rapid and a decrease in ['FIFDG uptake determined by PET scan was
seen as early as 24 h after one dose of STIS71, and this was sustained over many months a. Cor-
respondingly, treatment failure and progression of disease can be readily monitored by ['8FJFDG
PET b. The high FDG levels seen in the kidney, ureter and bladder are normal in both the pre- and
post-Gleevec images. [Adapted from van den Abbeele (2001), with appreciation and permission
from Dr. Annick Van den Abbeele, Dana-Farber Cancer Institute, Boston, Massachusetts]

stimulates the proliferation and migration of vascularly derived endothelial cells
and it is highly expressed in a variety of tumours, including renal, breast, ovary, and
colon cancer (Maschauer et al. 2004). Numerous reports have shown that lesions
with a high concentration of inflammatory cells, such as neutrophils and activated
macrophages, also show increased ['®F]FDG uptake, which can be mistaken for
malignancy in patients with proven or suspected cancer (Brown et al. 1996).
['8F]FDG PET has been repeatedly shown to improve staging accuracy com-
pared with CT scanning alone, and it provides a cost-effective adjunct to the pre-
operative staging of NSCLC and lung metastases (Hoekstra et al. 2003). Combined
['®F]FDG PET-CT imaging has been shown to be effective in demonstrating early
(at 3 weeks) response (Fig.3a) as well as failure to chemotherapy (Fig. 3b). How-
ever, in patients with adenocarcinoma and mediastinal lymph nodes of < lcm,
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Fig. 3 ['8F]FDG PET imaging lung tumours before and after treatment. ['8F]FDG PET and CT
scans of two patients with lung tumours: a responding patient a and a non-responding patient
b. In the responding tumour, there is a 61% decrease in FDG uptake 3 weeks after initiation of
chemotherapy. In contrast, tumour FDG uptake is essentially unchanged in the non-responding
tumour. (Adapted from Weber et al. 2003)

['®F]FDG PET scanning cannot yet replace mediastinoscopy (Kelly et al. 2004).
This imaging modality is also having an impact on radiation therapy volume de-
lineation in NSCLC. Radiation targeting based on fused ['®*F]JFDG PET and CT
images resulted in alterations in radiation therapy planning in over 50% of patients
by comparison with CT targeting (Bradley et al. 2004). ['8F]FDG PET is also being
used to assess response to chemotherapy and may have predictive value. A reduc-
tion in metabolic activity after one cycle of chemotherapy has been shown to be
correlated with final outcome of therapy (Weber et al. 2003). The use of metabolic
markers to determine response may shorten the duration of phase II studies evalu-
ating new cytotoxic drugs, and may decrease the morbidity and costs of therapy in
non-responding patients.
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2.2 Direct Molecular Imaging

Direct imaging strategies are usually described in terms of a specific target and a
target-specific probe. This strategy has been established using nuclear, optical and
MR imaging technology. The resultant image of probe localisation and concentra-
tion (signal intensity) is directly related to its interaction with the target. Imaging
cell-surface-specific antigens with radiolabelled antibodies and genetically engi-
neered antibody fragments, such as minibodies, are examples of direct molecular
imaging that have evolved over the past 30 years. In addition, in-vivo imaging of
receptor density/occupancy using small radiolabelled ligands has also been widely
used, particularly in neuroscience research, over the past two decades. These ex-
amples represent some of the first molecular imaging applications used in clini-
cal nuclear medicine research. More recent research has focused on chemistry and
the synthesis of small radiolabelled or fluorescent molecules (and paramagnetic
nanoparticles) that target-specific receptors (e.g. the estrogen or androgen recep-
tors) (Dehdashti et al. 1995; Larson et al. 2004) and fluorescent probes that are acti-
vated by endogenous proteases (Jaffer et al. 2002). For example, the alpha(v)beta3
integrin is highly expressed on tumour vasculature and plays an important role in
metastasis and tumour-induced angiogenesis; initial studies of targeting and imag-
ing of the alpha(v)beta3 integrin with radiolabelled glycosylated RGD-containing
peptides are very encouraging (Fig.4) (Halbhuber and Konig 2003). Another ex-
ample is direct imaging of the cell-surface-receptor tyrosine kinase HER2, which
is over-expressed in many breast tumours. The level of expression of HER2 can be
imaged with radiolabelled (Blend et al. 2003; Palm et al. 2003; Funovics et al. 2004)
or gadolinium-chelated (Artemov et al. 2003) antibodies specific for HER2.

Other direct radiotracer imaging strategies involve the development of radiola-
belled antisense and aptomer oligonucleotide probes (RASONS) that specifically
hybridize to target mRNA. Some efficacy for gamma camera and PET imaging
endogenous gene expression using RASONs has been reported (Dewanjee et al.
1994; Cammilleri et al. 1996; Phillips et al. 1997; Tavitian et al. 1998). Neverthe-
less, RASON imaging has several serious limitations, including: (1) low number of
target mMRNA/DNA molecules per cell; (2) limited tracer delivery (poor cell mem-
brane, vascular and blood-brain barrier permeability); (3) poor stability; (4) slow
clearance of non-bound oligonucleotides); (5) comparatively high background ac-
tivity and low specificity of localisation (low target/background ratios). A further
constraint limiting direct radiotracer imaging strategies is the necessity to develop a
specific probe for each molecular target, and then to validate the sensitivity, speci-
ficity and safety of each probe for specific applications. This can be very time con-
suming and costly. For example the development, validation and regulatory approval
for ['®F]JFDG PET imaging of glucose utilisation in tumours has taken over 20 years.

The diagnostic potential of radiolabelled antibodies that localise specifically to
tumours has been incrementally developed over three decades. Currently available
antibodies (and large antibody fragments) suffer several drawbacks as radiolabelled
pharmaceuticals. This is primarily related to the prolonged biological half-life of in-
tact antibodies, leading to high background signal. A promising approach has been
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Fig. 4 Non-invasive imaging of alpha(v)beta(3) integrin expression by PET. Transaxial PET
images of nude mice bearing human melanoma xenografts. Images were acquired 90 min after
injection of approximately 5.5 MBq of ['®F]Galacto-RGD. The rop left image shows selective ac-
cumulation of the tracer in the alpha(v)beta(3)-positve (M21) tumour on the left flank. No focal
tracer accumulation is visible in the alpha(v)beta(3)-negative (M21 — L) control tumour (bottom
left image). The three images on the right were obtained from serial ['®F]Galacto-RGD PET stud-
ies in one mouse. These images illustrate the dose-dependent blockade of tracer uptake by the
alpha(v)beta(3)-selective cyclic pentapeptide cyclo (-Arg-Gly-Asp-D-Phe-Val-). (Adapted from
Haubner et al. 2001)

to genetically engineer small radiolabelled antibody fragments to have high targeted
localisation to a specific antigen, with low non-target binding and rapid clearance
from the body. For example, a series of engineered antibody fragments was de-
rived from the parental murine monoclonal antibody T84.66. These fragments were
selected for high affinity and specificity for carcinoembryonic antigen (CEA), an
antigen highly expressed in colorectal carcinoma and frequently elevated in adeno-
carcinomas of the lung, breast, other gastrointestinal organs, and ovary (Neumaier
etal. 1990). An engineered fragment called the minibody (an scFv-Cy3 fusion pro-
tein) have been constructed, radiolabelled with 123I(t1 /2= 13h), and evaluated in
vivo using a standard gamma camera (Wu 2004; Wu and Senter 2005). The eval-
uation of this minibody labelled with a positron-emitting radionuclide, copper-64
(4 2= 6h), was performed soon after; as expected, liver activity was elevated and
this limited imaging applications to extrahepatic sites. To overcome these obstacles,
later work by the same group demonstrated that radiolabelling anti-CEA minibod-
ies and diabodies with a longer-lived positron emitter, iodine-124 (t;, = 4 days),
resulted in excellent tumour targeting and visualisation by PET imaging at later
times (1-4 days). The high target-to-background achieved in the PET images was
predominantly due to low background activity following clearance of radioactivity
from normal tissues (Sundaresan et al. 2003) (Fig. 5).
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Fig. 5 Comparison of '>*I minibody and '?*I diabody by serial PET imaging. Mice bearing
LS174T (LS, left shoulder) and C6 rat glioma (C6, right shoulder, negative control) xenografts
were injected via tail vein with 1.9-3.1 MBq (65-85uCi)'?*I minibody a, b or diabody e, f and
imaged at 4 and 18 h. A photograph of the mouse with arrows pointing to the tumours ¢ and an
['®F]FDG microPET scan d show the location of the xenografts. At 18 h, background activity in
the animal was minimal compared with the 4-h images, resulting in high contrast. a, b, e and f are
colour-coded to the same radioactivity scale. Image f was rescaled in g to illustrate the excellent
contrast achieved with the '>*I diabody at 18 h. (Adapted from Sundaresan et al. 2003)

Another example of this approach is the development of anti-p185"ER? mini-
bodies. These minibodies have high specific binding to p1851ER2positive cells in
vitro. One variant was radioiodinated and evaluated for its blood clearance, tumour-
targeting properties, and normal organ uptake of the radiolabel in nude mice bear-
ing p185HERZ positive xenografts. The anti-p185HER? 10H8 minibody showed the
expected blood clearance, but the tumour activity reached a maximum of only
5.6 £1.7% ID/g at 12h. Tumour localisation and persistance was substantially
less than that previously observed with the radioiodinated anti-CEA minibody, and
illustrates the variability in the kinetics of minibody targeting and biodistribution in
different tumours. These differences were thought to be partially due to some combi-
nation of internalization, metabolism and dehalogenation of the minibody fragment
(Olafsen et al. 2005).
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Recent developments in MR imaging have enabled direct in-vivo imaging at
high resolution (~50um) (Johnson 1993; Jacobs 1999). This approach is largely
based on labelling cells with superparamagnetic iron oxide (SPIO) particles that
permit visualisation and tracking of cells using MRI based on the large suscepti-
bility artefacts (T3-effect) produced by iron oxide (Bulte et al. 2004). The SPIO
particles range between 50 and 100 nm in diameter and two characteristics in par-
ticular make superparamagnetic nanoparticle/MR imaging a technique with broad
applications. First, methods have been developed for efficient SPIO cell labelling.
Either nanaoparticles are being coated with a dendrimer that confers membrane
permeability or a SPIO, such as Feredex, is transfected into cells by means of
transfection reagents. Importantly, these passive labelling strategies are applicable
to many different cell types, including resting stem cells. The utility of this ap-
proach is further underscored by recent efforts at clinical development; as Arbab
et al. (2004) have described, a SPIO-based labelling preparation consisting of FDA
approved materials. As an alternate labelling strategy, superparamagnetic nanopar-
ticles can be modified with a TAT peptide, which facilitates transport across the cell
membrane (Lewin et al. 2000). Second, in most cell types there is, thus far, little ev-
idence of toxicity related to labelling. Recent work, however, suggested an adverse
influence of the iron oxide label specifically on chondrocyte differentiation on mes-
enchymal progenitor cells, but an independent study could not confirm this finding
(Kostura et al. 2004; Arbab et al. 2005). Since experimental conditions were differ-
ent between those studies, no general conclusions can be derived as yet and further
investigations are necessary. In addition to SPIO particles, micrometer-size particles
harboring iron oxide (MPIOs) are available; they feature cell uptake through an inert
divinyl benzene polymer shell of around 900-nm diameter and a larger amount of
iron oxide per particle compared with SPIOs (Hinds et al. 2003).

The application of superparamagnetic nanoparticle/MR imaging is increasing
and recent studies included imaging migration of locally injected iron oxide-labelled
stem cells in the rat brain (Hoehn et al. 2002). Migration was also studied by Dodd
et al. (2001), who imaged murine T-cells homing to the spleen. Although a clear
reduction in signal intensity in the spleen was observed, the duration of the lat-
ter study did not exceed a 24-h period. A similar study reported that OVA-specific
T-cells labelled with iron oxide nanoparticles migrated to and accumulated in an
OVA-expressing melanoma xenograft over a period of 5 days (Kircher 2003). These
labelling techniques clearly improved imaging the initial phase of T-cell migration
following the adoptive transfer of the labelled lymphoid cells to sites providing a
supportive microenvironment. However, ex-vivo labelling of T-cells with MR con-
trast is only transient and does not provide an opportunity to monitor their functional
status, such as activation upon antigen recognition, cytokine secretion, proliferation
and cytolytic functions. Nevertheless, MR imaging of iron oxide in general has re-
cently been demonstrated to be of great clinical value (Harisinghani et al. 2003). As
illustrated in Fig. 6, a clinical trial of MRI post systemic injection of lymphotropic
nanocrystalline iron oxide in 33 patients affected by prostate cancer showed supe-
rior detection of lymph-node metastases compared with conventional proton MRI
(Harisinghani et al. 2003).
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Fig. 6 a—i Non-invasive detection of clinically occult lymph-node metastases in prostate cancer by
MRI using lymphotropic superparamagnetic nanoparticles. Row /: Compared with conventional
MRI a, MRI obtained 24 h after the administration of lymphotropic superparamagnetic nanoparti-
cles b shows a homogeneous decrease in signal intensity due to the accumulation of lymphotropic
superparamagnetic nanoparticles in a normal lymph node in the left iliac region (arrow). Panel ¢
shows the corresponding histological findings of the normal lymph node (hematoxylin and eosin,
% 125). Row 2: Conventional MRI shows high signal intensity in an unenlarged iliac lymph node
completely replaced by tumour (arrow in d). Nodal signal intensity remains high indicated infil-
tration of tumour (arrow in e). Panel f shows the corresponding histologic findings and confirms
the presence of tumour within the node (hematoxylin and eosin, x200). Row 3: Conventional MRI
shows high signal intensity in a retroperitoneal node with micrometastases (arrow in g). MRI with
lymphotropic superparamagnetic nanoparticles demonstrates two hyperintense foci (arrows in h)
within the node, corresponding to 2-mm metastases. Corresponding histological analysis confirms
the presence of adenocarcinoma within the node (i hematoxylin and eosin, x200). (Adapted from
Harisinghani et al. 2003)

2.3 Indirect Molecular Imaging

Indirect imaging strategies are a little more complex. One example of indirect imag-
ing that is now being widely used is reporter gene imaging. It requires “pre-targeting”
(delivery) of the reporter gene to the target tissue (by transfection/transduction),
and it usually includes transcriptional control components that can function as
“molecular genetic sensors” that initiate reporter gene expression. This strategy
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has been widely applied in optical- (Contag et al. 1998; Rehemtulla et al. 2000;
Hoffman 2005) and radionuclide-based imaging (Tjuvajev et al. 1995b, 1996, 1998;
Gambhir et al. 1998, 1999), and to a lesser degree for MR (Weissleder et al. 1997,
Louie et al. 2000) imaging. Early reporter gene imaging approaches required post-
mortem tissue sampling and processing (Overbeek et al. 1985; Forss-Petter et al.
1990), but more recent studies have emphasised non-invasive imaging techniques
involving live animals and human subjects (Halbhuber and Konig 2003).

A general paradigm for non-invasive reporter gene imaging using radiolabelled
probes was initially described in 1995 (Tjuvajev et al. 1995b) and is shown diagram-
matically in Fig. 7. A simplified cartoon of a reporter gene is shown in Fig. 7a, and
a representation of different reporter genes for imaging transduced cells is shown in
Fig. 7b. This paradigm requires the appropriate combination of a reporter transgene
and a reporter probe. The reporter transgene can encode a receptor [e.g. hD2R (hu-
man dopamine D2 receptor; Liang et al. 2001) and hSSTR2 (human somatostatin
receptors; Rogers et al. 2000)], or a transporter [e.g. hNIS (human sodium iodide
symporter; Haberkorn 2001) and hNET (human norepinephrine transporter; Alt-
mann et al. 2003)], or a fluorescent protein [e.g. eGFP (enhanced green fluorescent
protein; Chishima et al. 1997)] in addition to an enzyme, such as HSV1-tk (her-
pes simplex virus type 1 thymidine kinase; Tjuvajev et al. 1995b) [Fig. 7a (a), (b)]
or luciferase (Contag et al. 1997) [Fig.7a (a), (c¢)]. The reporter transgene usually
codes for an enzyme, receptor or transporter that selectively interacts with a specific

Fig. 7 a Structure of a reporter gene construct and the indirect reporter imaging paradigm. The
basic structure of a reporter gene complex is shown, expressing either HSV1-tk or luciferase. The
control and regulation of gene expression is performed through promoter and enhancer regions
that are located at the 5" end (“up-stream™) of the reporter gene. These promoter/enhancer ele-
ments can be “constitutive” and result in continuous gene expression (“always on”), or they can
be “inducible” and sensitive to activation by endogenous transcription factors and promoters. Fol-
lowing the initiation of transcription and translation, the gene product — a protein — accumulates.
b In this case the reporter gene product is the enzyme HSV1-tk, which phosphorylates selected
thymidine analogues (e.g. FIAU or FHBG), whereas these probes are not phosphorylated by en-
dogenous mammalian TK1. The phosphorylated probe does not cross the cell membrane readily; it
is effectively “trapped” and accumulates is within transduced cells. Thus, the magnitude of probe
accumulation in the cell (level of radioactivity) reflects the level of HSV1-tk enzyme activity and
level of HSV -tk reporter gene expression. ¢ In this case, luciferase is the reporter gene product and
expression is detected via its catalytic action resulting in production of bioluminescence. b Differ-
ent reporter systems. The reporter gene complex is transfected into target cells by a vector (e.g. a
virus). Inside the transfected cell, the reporter gene may or may not be integrated into the host-cell
genome; transcription of the reporter gene to mRNA is initiated by “constitutive” or “inducible”
promoters, and translation of the mRNA to a protein occurs on the ribosomes. The reporter gene
product can be a cytoplasmic or nuclear enzyme, a transporter in the cell membrane, a receptor at
the cell surface or part of cytoplasmic or nuclear complex, an artificial cell surface antigen, or a
fluorescent protein. Often, a complimentary reporter probe (e.g. a radiolabelled, magnetic or biolu-
minescent molecule) is given and the probe concentrates (or emits light) at the site of reporter gene
expression. The level of probe concentration (or intensity of light) is usually proportional to the
level reporter gene product and can reflect several processes, including the level of transcription,
the modulation and regulation of translation, protein-protein interactions, and post-translational
regulation of protein conformation and degradation
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radiolabelled probe and results in its accumulation only in transduced cells. Alterna-
tively, the enzyme (e.g. luciferase) will catalyse a reaction to yield light (photons) in
the presence of substrate (e.g. luciferin, ATP and oxygen for firefly luciferase). Al-
ternatively, the reporter gene product can be a fluorescent protein that can be imaged
in vivo as well as ex vivo.

It may be helpful to consider the HSV1-tk reporter imaging paradigm as an ex-
ample of an in-vivo radiotracer assay that reflects reporter gene expression [Fig. 7a
(@), (b)]. Enzymatic amplification of the signal (e.g. level of radioactivity accumu-
lation) facilitates imaging the location and magnitude of reporter gene expression.
Viewed from this perspective, HSV1-tk reporter gene imaging with radiolabelled
FIAU or FHBG is similar to imaging hexokinase activity with FDG. It is important
to note that imaging transgene expression is largely independent of the vector used
to shuttle the reporter gene into the cells of the target tissue; namely, any of several
currently available vectors can be used (e.g. retrovirus, adenovirus, adeno-associated
virus, lentivirus, liposomes, etc.).

A common feature of all reporter constructs (and their vectors) is the cDNA
expression cassette containing the reporter transgene(s) of interest (e.g. HSVI-tk),
which can be placed under the control of specific promoter-enhancer elements. The
upstream promoter-enhancer elements can be used to regulate transcription of the re-
porter cDNA. The versatility of reporter constructs (and their vectors) is due in part
to their modular design, since arrangements in the expression cassette can be varied
to some extent. For example, reporter genes can be “always turned on” by consti-
tutive promoters (such as LTR, RSV, CMV, PGK, EF1, etc.) and used to monitor
cell trafficking by identifying the location, migration, targeting and proliferation of
stably transduced cells. Reporter gene labelling provides the opportunity for repeti-
tive imaging and sequential monitoring of tumour growth rate and response to treat-
ment (Rehemtulla et al. 2000), as well as imaging metastases (Chishima et al. 1997).
Alternatively, the promoter/enhancer elements can be constructed to be “inducible”
and “sensitive” to activation and regulation by specific endogenous transcription
factors and promoters (factors that bind to and activate specific enhancer elements
in the promoter region of the reporter vector construct leading to the initiation of
reporter gene transcription).

Considerable progress in reporter gene imaging has been achieved during the
past 5 years. Important proof-of-principle experiments in small animals include
the imaging of endogenous regulation of transcription (Doubrovin et al. 2001; Iyer
et al. 2001b; Ponomarev et al. 2001), post-transcriptional modulation of translation
(Mayer-Kuckuk et al. 2002), protein-protein interactions (Luker et al. 2002, 2003b;
Ray et al. 2002), protein degradation and activity of the proteosomal ubiquination
pathway (Luker et al. 2003a), apoptosis (Laxman et al. 2002), etc. Non-invasive
imaging of viral (Gambhir et al. 1999; Tjuvajev et al. 1999), bacterial (Tjuvajev
et al. 2001) and cell trafficking (Koehne et al. 2003), plus tissue-specific reporter
gene imaging in prostate cancer (Zhang et al. 2002), hepatocytes (Green et al. 2002)
and colorectal cancer cells have also been reported (Qiao et al. 2002).
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2.3.1 Radiotracer Reporter Gene Imaging

HSVI-tk is the most widely used reporter gene for radiotracer-based molecular
imaging, and has been used as a therapeutic “suicide” gene in clinical anti-cancer
gene therapy trials as well as a research tool in gene targeting strategies. The
HSV1-tk enzyme, like mammalian thymidine kinases, phosphorylates thymidine to
thymidine-monophosphate (TdR). Unlike mammalian TK1, viral HSV1-tk can also
phosphorylate modified thymidine analogues, including 2’'-deoxy-2’-fluoro-5-iodo-
1-[B]-D-arabinofuranosyluracil (FIAU), 2’-fluoro-5-ethyl-1-[]-D-arabinofuranosyl-
uracil (FEAU) as well as acycloguanosine analogs [e.g. acyclovir (ACV);
ganciclovir (GCV); penciclovir (PCV)] that are not (or minimally) phosphorylated
by eukaryotic thymidine kinases (Tjuvajev et al. 1995b). The resulting monophos-
phorylated compound is subsequently diphosphorylated and triphosphorylated by
cellular kinases. The triphosphorylated compound can act as an inhibitor of DNA-
polymerization, resulting in chain termination during DNA replication, leading to
cell death. For this reason, HSVI-tk has been studied extensively as a therapeutic
gene and used in gene therapy clinical trials that have been performed in the United
States and Europe.

Several important issues were raised during these trials, including whether the
viral transduction of the target tissue has been successful; what level of transgene
expression is achieved in the target tissue; and what is the optimal time for beginning
ganciclovir treatment. Another important clinical issue is monitoring for potential
toxicity. Imaging the distribution and expression level of the therapeutic gene in
non-target normal tissues provides a level of safety in individual patients undergoing
gene therapy.

In the mid 1990s, a number of potential reporter probes for imaging HSVI-tk
gene expression were studied in our laboratory (Tjuvajev et al. 1995b, 1996, 1998).
After in-vitro determinations of HSV1-tk sensitivity and selectivity for FIAU, this
compound was found to have good imaging potential and can be radiolabelled with a
variety of radionuclides (''C, 12*1, I8F!311, 123). FIAU contains a 2-fluoro substitu-
tion in the sugar that impedes cleavage of the N-glycosidic bond by nucleoside phos-
phorylases. This results in a significant prolongation of the nucleoside in plasma and
an increase in delivery of non-degraded radiolabelled tracer to the target tissues. The
first series of imaging experiments involving HSVI-tk-transduced tissue and FIAU
were performed in rats bearing intracerebral (i.c.) RG2 tumours using quantitative
autoradiography (QAR) techniques (Tjuvajev et al. 1995a) (Fig. 8a). This was sub-
sequently followed by gamma camera, single photon emission computed tomogra-
phy (SPECT) (Fig. 8b) and positron emission tomography (PET) imaging studies
(Fig. 8c). Other pyrimidine nucleoside probes for imaging viral thymidine kinase
acitivity have been proposed (Fig. 9a).

Investigators from UCLA have used other radiolabelled compounds for PET
imaging of HSV1-tk expression with the goal of developing methods for repeti-
tive imaging (every 6-8 h) of the reporter protein. Their choice of acycloguano-
sine derivatives as reporter probes was based on the ability of these nucleosides
to be radiolabelled with short-lived fluorine-18 (t; /, = 110min) and no affinity to
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the mammalian TK-1. A list of '3F-labelled acycloguanosine analogues is shown
in Fig. 9b. After several years of comparative studies (Fyfe et al. 1978; Gambhir
et al. 1998; Iyer et al. 2001a), a new radiolabelled acycloguanine, 9-(4-['8F]fluoro-
3-hydroxymethylbutyl)guanine or ['*FJFHBG (FHBG) (Alauddin and Conti 1998;
Yaghoubi et al. 2001) was developed at USC. In parallel, the UCLA investi-
gators evaluated a mutant HSV1-tk enzyme (HSV1-sr39tk) with increased acy-
clovir and ganciclovir suicidal efficacy. They showed higher affinity and uptake of
['8FJFHBG in HSV1-sr39tk transduced cells (Gambhir et al. 2000a). The mutant,
HSV1-sr39TK, enhances ['®FIFHBG uptake by twofold compared with wild-type
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Fig. 8 a Autoradiographic imaging HSV1-tk expression. A rat brain with a stably transduced
RG2TK+ brain tumour in the left hemisphere and a wild-type (non-transduced) RG2 tumour in the
right hemisphere is shown. The histology and autoradiographic images were generated from the
same tissue section. Both tumours are clearly seen in the toluidine blue-stained histological section.
Twenty four hours after i.v. administration of ['*C]FIAU, the RG2TK™ tumour is clearly visualised
in the autoradiographic image, whereas the RG2 tumour is barely detectable; the surrounding brain
is at background levels. (Adapted from Tjuvajev et al. 1995b). b Gamma-camera imaging HSV1-
tk expression. Gamma-camera imaging was performed at 4, 24 and 36 h after ['3'TJFIAU injection
in an animals bearing bilateral RG2 flank xenografts; all images have been normalised to a refer-
ence standard (not shown in the field of view). The site of inoculation of HSV 1-zk retroviral vector
producer cells (gp-STK-A2) into the left flank xenograft is indicated by the arrow. The sequential
images demonstrate wash-out of radioactivity from the body, with specific retention of activity in
the area of gp-STK-A2 cell inoculation and transduction of RG2 tumour cells with the HSV 1-tk re-
porter (see the 24- and 36-h images; readjustment of the pseudocolour-intensity scale demonstrated
visualisation or the gp-STK-A2 flank tumour at 4 h, although background activity was high). The
non-transduced contralateral xenograft (right flank) and other tissues did not show any retention
of radioactivity. This sequence of images demonstrates the advantages of a “wash-out strategy”
and late imaging with ['3'T] — or ['?*I]-labelled FIAU. Figure adapted from Tjuvajev et al. 1996
(Tjuvajev et al. 1996). ¢ PET imaging of HSV1-tk expression. Three tumours were produced in
rnu rats. A W256TK™ (positive control) tumour was produced from stably transduced W256TK™
cells and is located in the left flank, and two wild-type W256 tumours were produced in the dor-
sum of the neck (test) and in the right flank (negative control). The neck tumour was inoculated
with 10% gp-STK-A2 vector-producer cells (retroviral titre: 10°~107 cfu/ml) to induce HSV1-tk
transduction of the tumour wild-type in vivo. Fourteen days after gp-STK-A2 cell inoculation, no
carrier added ['**IJFIAU (25uCi) was injected i.v. and PET imaging was performed 30 h later. Lo-
calisation of radioactivity is clearly seen in left flank tumour (positive control) and in the in-vivo
transduced neck tumour (test), but only low background levels of radioactivity were observed in
the right flank tumour wild-type (negative control). (Adapted from Tjuvajev et al. 1998)

HSVI1-tk, thus improving the imaging capabilities of the enzyme. However, differ-
ences exist between the sensitivity and specificity of ['>*I|FIAU and ['*F]JFHBG
with respect to wild-type HSV1-tk (Tjuvajev et al. 2002) and HSV1-sr39tk (Min
et al. 2003).

One example of a reporter system involving a transporter is the sodium iodide
symporter (NIS). Since cloning of the NIS gene in 1996 (Dai et al. 1996), NIS was
considered an attractive imaging reporter gene (Dai et al. 1996; Boland et al. 2000).
There are several distinct advantages for using NIS as a reporter gene. First, the dis-
tribution of endogenous NIS protein is limited in the body (thyroid and stomach are
major exceptions); as a result, imaging of exogenous NIS gene expression can be
performed in a variety of tissues due to low background activity. Second, NIS me-
diates the uptake of simple radiopharmaceuticals; therefore, complicated syntheses
and labelling of substrate molecules are not required for imaging. Third, most of the
radiotracers are specific only to NIS-expressing cells; therefore, background signal
is significantly reduced. Fourth, NIS-mediated radiotracer uptake in target tissue is
rapid, as is the clearance of radioactivity from both target and non-target tissues; this
facilitates repetitive sequential imaging. Fifth, the human and murine genes of NIS
have been cloned, which provides a non-immunogenic reporter system for human
as well as rodent imaging studies.
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Fig. 9 a, b Substrates for HSV 1-tk phosphorylation. a Pyrimidine nucleosides. b Acycloguanosine
analogues. (Adapted from Tjuvajev et al. 2002)

An application of ANIS as a reporter gene was demonstrated by gamma-camera
imaging myocardial gene transfer in living rats using adenoviral vectors and ra-
dioiodide (Shin et al. 2004). In this study, an adenovirus that expressed both NIS
protein and enhanced green fluorescent protein (EGFP) (Ad.EGFP.NIS) was in-
jected into the myocardium of living rats. Following '?3I scintigraphy demonstrated
clear focal myocardial uptake at the Ad.EGFP.NIS injection site. Histological analy-
sis confirmed the co-localisation of 1231 radioactivity, EGFP fluorescence and NIS
staining. To develop a molecular imaging method suitable for monitoring viable
cancer cells, another dual-imaging reporter gene system was constructed from two
individual reporter genes — sodium iodide symporter (NIS) and luciferase (Lee
et al. 2005). In parallel, our group has developed a self-inactivating retroviral vector
containing a dual-reporter gene cassette (hNIS-IRES2-GFP) with the ANIS and GFP
genes, separated by an internal ribosomal entry site (IRES) element; the expression
cassette was driven by a constitutive CMV promoter. A stably transduced rat glioma
(RG?2) cell line was generated with this construct and used for in-vitro and in-vivo
imaging studies of '3'I-iodide and *® ™TcQ,-pertechnetate accumulation, as well as
GFP fluorescence. The experiments demonstrated a high correlation between the
expression of hNIS and GFP. Gamma-camera imaging studies performed on RG2
hNIS-IRES2-GFP tumour-bearing mice revealed that the /RES-linked dual reporter
gene is functional and stable (Che et al. 2005).
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The first successful reporter gene imaging study in patients was performed in
Cologne using a HSVI-tk liposomal vector, ['>*I]FIAU and PET to monitor HSVI-tk
suicide gene therapy of high-grade brain tumours (Jacobs et al. 2001b). HSVI-tk
gene expression was visualised in only one of six patients who received an intra-
tumoural injection of the vector (Fig. 10.). Later on, ['®*FJFHBG was studied in
normal human volunteers and the biodistribution, bio-safety, and dosimetry was
determined; it was found to be safe and potentially useful for human applications
(Yaghoubi et al. 2005). More recently, the HSV 1-sr39tk/['*FJFHBG PET imaging
system has been used to monitor thymidine kinase gene expression after intra-
tumoural injection of the first-generation recombinant adenovirus in patients with
hepatocellular carcinoma (Penuelas et al. 2005). Transgene expression in the tumour
was dependent on the injected dose of the adenovirus and was detectable by PET
during the first hours after administration of the radiotracer in all patients, who re-
ceived > 10'? viral particles (Fig. 10b). Non-specific expression of the transgene
was not detected in any distant organs, or in the surrounding liver tissue in any
of these studied cases. These results illustrate that PET imaging may help in the
design of gene-therapy strategies and in the clinical assessment of new-generation
vectors. Non-invasive monitoring of the distribution of transgene expression over
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Fig. 10 a HSVI-tk reporter gene imaging in patients after liposome-HSVI-tk-complex transduc-
tion. Co-registration of ['>*I]JFIAU-PET and MRI before (left column) and after (right column)
HSVI-tk vector application. A region of specific ['2*I]FIAU retention (at 68 h) within the tumour
is visualized (white arrow). This tumour region showed signs of necrosis (cross hairs, right col-
umn) after ganciclovir treatment. (Adapted from Jacobs et al. 2001b). b Adenoviral transgene
(HSV1-tksr39) expression in patients with liver cancer. Coronal PET images 1.5 and 6.5 h after
injection of ['8F]-FHBG (48 h after 2 x 10'2 AdV-tk). Localisation of ['®F]-FHBG in the treated
lesion was variable in the early images, but could be seen at 6.5 h in all patients (arrow). (Adapted
from Penuelas et al. 2005)
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time is highly desirable and will have a critical impact on the development of stan-
dardised gene therapy protocols and on efficient and safe vector applications in
human beings. It is most likely that ['2*I]FIAU and ['8F]FHBG will be the radi-
olabelled probes that will be introduced into the clinic for the imaging of HSVI-tk
gene expression.

2.3.2 Optical-reporter gene imaging

Optical (bioluminescence and fluorescence) reporter systems have received in-
creased attention recently, because of their efficiency for sequential imaging,
operational simplicity, and substantial cost benefits.

Bioluminescence reporter genes

Bioluminescence reporter genes are being widely used for whole-body imaging in
small animals. Luciferin and luciferase are generic terms, but not all luciferases
exhibit sequence homology between the different classes. The most commonly
used bioluminescence reporter systems include the firefly (FLuc) or Renilla (RLuc)
luciferase genes (Yu et al. 2003). Useful luciferases have also been cloned from
jellyfish (Aequorea), sea copepod (Gaussia; GLuc), corals (Tenilla), click bee-
tle (Pyrophorus plagiophthalamus) and several bacterial species (Vibrio fischeri,
V. harveyi). As with nuclear and magnetic resonance reporter systems, biolumi-
nescence imaging depends on the delivery of a specific substrate to the reporter
gene expressing cells. Further, the light emitting bioluminescence reaction cata-
lysed by luciferases depends on the presence of oxygen (Wilson and Hastings 1998)
and, for example, in the case of FLuc, additionally on the co-factor ATP. The fire-
fly and Renilla luciferase reporter systems, in combination with their correspond-
ing luminescent substrates (luciferin and coelenterazine), have several advantages
for imaging small living animals. Autobioluminescence in most cases is essen-
tially non-existent and results in very low background light emission; this con-
tributes to the very high sensitivity and specificity of this optical imaging technique
(Bhaumik and Gambhir 2002; Wu et al. 2002). Semi-quantitative accuracy and re-
producibility requires that the luciferin, ATP and oxygen levels are not rate deter-
mining, but rather are in excess. Under these conditions, the photon emission flux
(light intensity) is directly related to reporter gene expression and the level of re-
porter gene product; namely, luciferase. Another potential concern is the fact that the
substrate for Renilla luciferase, coelenterazine, is a substrate for the MDR1 trans-
porter. It has recently been shown that coelenterazine is rapidly exported from cell
lines that express MDRI1, and this could impact on the photon emission flux from
the coelenterazine-Renilla luciferase reporter system in these cells (Pichler et al.
2004). In-vivo bioluminescence imaging has been successfully applied to monitor
the growth of individual tumours (Fig. 11) and to assess the function of many novel
reporter systems (see below). However, care must be exercised when comparing
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Fig. 11 a, b Kinetics of intracranial glioma growth. a 9L cells were implanted intracerebrally
and tumour progression was monitored with MRI (row a) and BLI (row b). The days of post-
sham treatment on which the images were obtained are indicated at the fop. The MR images are
T,-weighted and are of a representative slice from the multislice dataset. b The scale to the right
of the BL images describes the colour map for luminescent signal. Correlation of tumour volume
with in vivo photon emission is shown where tumour volume was measured from Tp-weighted
MR images and plotted against total measured photon counts. The relationship between the two
measurements was defined by regression analysis (r = 0.91). (Adapted from Rehemtulla et al.
2000)

different tumours (or sites of bioluminescence) because of the significant loss of
signal due to the scatter and absorption of emitted photons that can vary over sev-
eral logs with distance from the surface and tissue type (e.g. lung vs liver vs bone).

Fluorescent protein-based reporter systems

Fluorescent protein-based reporter systems have also become very popular during
the 1990s, especially for in-vitro and embryogenesis studies. For example, green
fluorescent protein (GFP) has evolved from a little known protein to a common
widely used tool in molecular biology and cell biology. It started with different
spectral shifted variants of Aequorea victoria GFP (GFP), including an enhanced
GFP (eGFP) (Levy et al. 1996; Lalwani et al. 1997; Ellenberg et al. 1999; Matz
et al. 1999; Falk and Lauf 2001; Hadjantonakis and Nagy 2001; Labas et al. 2002).
These GFP variants are particularly useful because of their stability and the fact that
the chromophore is formed by autocatalytic cyclization. Furthermore, it appears
that fusion of GFP to other proteins does not significantly alter its fluorescence
properties or the intracellular location of the fusion protein (Ponomarev et al. 2003,
2004). A number of red fluorescent proteins including Discosoma species (dsRedl
and dsRed?2) (Campbell et al. 2002; Mathieu and El-Battari 2003) and Heterac-
tis crispa (HcRed) (Gurskaya et al. 2001) have also been described. Employing
DsRed as a genetically encoded fusion tag has been limited because of two criti-
cal problems: obligate tetramerization and incomplete maturation. Several attempts
have been made to overcome these shortcomings, including genetic modification
and creation of DsRed2 and DsRed-Express (T1) proteins. Significant progress has
been achieved in resolving the problem of tetramerization by transforming DsRed
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into a far-red dimer, HcRed1, which was generated on the basis of the chromopro-
tein from Heteractis crispa (Gurskaya et al. 2001). Roger Y. Tsien’s group have
presented the step-wise evolution of DsRed to a dimer and then either to a genetic
fusion of two copies of the protein, i.e. a tandem dimer, or to a true monomer,
designated mRFP1 (monomeric red fluorescent protein) (Campbell et al. 2002). Re-
cently, the same group has reported on the development of a novel mutant mRFP
monomeric fluorescent protein called mPlum with an emission wavelength 649 nm,
which is 37 nm longer than the peak of the original mRFP and 12 nm beyond the
previous tandem dimer t-HcRed1 (Wang et al. 2004).

Fluorescence imaging has been shown to be useful for various in-vitro applica-
tions, such as: (1) monitoring the gene expression, (2) tracking of the protein of
interest: its expression, localisation, movement, interaction and functional activity
within the cell, (3) identifying and selecting cells by FACS analysis and sorting
(e.g. expression of p53 in tissue sections at the microscopic level by in-situ fluores-
cence imaging (Doubrovin et al. 2001), (4) tracking the movement of labelled cells,
proteins and different organelles using photoswitchable proteins (Chudakov et al.
2004) and (5) for cost-effective in-vitro assays that can be used to validate the func-
tion and sensitivity of inducible reporter systems containing multi-modality reporter
genes (see below).

The brightness of all fluorescent proteins is determined by several variable fac-
tors, including the speed and efficiency of protein folding and maturation, the ex-
tinction coefficient, quantum yield and photostability of the protein, as well as the
optical properties of the imaging set-up and camera. Genetically modified fluores-
cent proteins can be optimised for mammalian cells with good expression at 37°C
(Fig. 12) (Shaner et al. 2004), whereas other proteins may fold less efficiently or
be rapidly degraded. Experiments in bacteria and mammalian cells have shown that
chaperones can have a substantial effect on the folding and maturation efficiency
of fluorescent proteins. An additional factor affecting the maturation of fluores-
cent proteins in living organisms is the presence or absence of molecular oxygen.
Fluorescence is usually prevented or reduced under anoxic conditions, although
fluorescence persists under hypoxia conditions (Shaner et al. 2005). Many wild-
type fluorescent proteins have tetrameric structures which can cause the protein ag-
gregation and toxicity. More recently engineered monomers or tandem dimers of
tetrameric fluorescent proteins have been shown to be less toxic and more suitable
for mammalian cell studies. There are some genetically modified proteins that very
bright [e.g. mPlum, mCherry, and Emerald proteins (Shaner et al. 2005)]. Although
the present set of fluorescent proteins gives researchers a variety of options in their
studies, there is still room for improvement. In the future, monomeric proteins with
greater brightness and photostability will allow for more intensive imaging experi-
ments in thick tissue and whole animals.

Limitations of fluorescence reporter imaging include the requirement for an
external source of light and the exponentially decreasing intensity of light with
increasing depth of the target. Endogenous autofluorescence of tissues frequently
results in substantial background emissions that limit the sensitivity and specificity
of fluorescence imaging techniques, and this contributes to an important advantage



Molecular Imaging: Reporter Gene Imaging 191

a

Excitation

0.5

L AAAA

00

400 450 500 550 600 650
Wavelength {nm)

104

0.5

Emission

500 550 600 650 700
Wavelength (nmj

Fig. 12 a-d Excitation and emission spectra for new red fluorescent protein (RFP) variants. Spec-
tra are normalised to the excitation and emission peak for each protein. Excitation a and emission b
curves are shown as solid or dashed lines for monomeric variants and as a dotted line for dTomato
and tdTomato, with colours corresponding to the colour of each variant. Purified proteins (from left
to right: mHoneydew, mBanana, mOrange, tdTomato, mTangerine, mStrawberry, and mCherry)
are shown in visible light ¢ and fluorescence d. The fluorescence image is a composite of several
images with excitation ranging from 480 to 560 nm. (Adapted from Shaner et al. 2004)

of bioluminescence over fluorescence reporters. However, the use of selective fil-
ters or the application of spectral analysis can significantly reduce the contribution
of autofluorescence to the acquired images. Nevertheless, in-vivo bioluminescence
reporter imaging remains more sensitive than in-vivo fluorescence reporter imaging.

Luciferase may be well suited to monitor transcription; due to its relatively fast
induction (Kolb et al. 2000) and to the considerable short biological half-life of
luciferin and luciferase (Thompson et al. 1991). This is an advantage compared
with the longer-lived eGFP. However, short-lived (rapidly degradable) variants of
eGFP have been recently developed, and eGFP can be used for higher resolution
imaging in cells in vitro. Combining these reporter genes into a single gene could
provide additional tools for the analysis of cancer cells in vivo and ex vivo. Such a
dual-function reporter gene was created and the single encoded protein was shown
to be fluorescent and bioluminescent.

Multi-modality nuclear and optical reporter imaging
The coupling of a nuclear reporter gene (e.g. HSVI-tk) with an optical reporter

gene (e.g. eGFP) has been reported (Jacobs et al. 2001a). More recently, a se-
ries of HSV1-tk/eGFP mutants were developed with altered nuclear localisation
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and better cellular enzymatic activity to optimise the sensitivity for imaging HSVI-
tk/eGFP reporter gene expression (Ponomarev et al. 2003). The HSVI-tk/eGFP re-
porter gene has been introduced into several different reporter systems to assess
different molecular pathways (Doubrovin et al. 2001; Ponomarev et al. 2001). Fur-
thermore, a mutant thymidine kinase (HSV 1-sr39tk)/Renilla luciferase (RL) fusion
reporter construct (tkagrl) was recently developed for both nuclear and optical imag-
ing (Ray et al. 2003). This study demonstrated the specificity and sensitivity of
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Fig. 13 a, b Non-invasive multimodality imaging. a Non-invasive, multimodality imaging of mice
bearing subcutaneous xenografts produced from nesHSV 1-tk/eGFP-cmvFluc transduced U87 cells
(right shoulder) and wild-type (non-transduced) U87 cells (left shoulder). Whole-body fluores-
cence imaging (a), whole-body bioluminescence imaging (), and axial microPET images of
['2*T]FIAU accumulation obtained at the levels indicated by the dotted white lines (c) are shown for
the same mouse. (Adapted from Ponomarev et al. 2004). b Sequential images of a different mouse
were obtained on a Kodak R2000MM multimodal imaging system. A white light photograph was
initially obtained showing a small nesHSV 1-tk/eGFP-cmvFluc transduced U87 xenograft (dashed
outline) in the right shoulder and a large non-transduced U87MG xenograft located in the right
shoulder and extending beneath the animal (a). This was followed by whole-body fluorescence
imaging without correction for autofluorescence (), whole-body bioluminescence imaging (c),
whole-body scintigraphic imaging of ['3'I] radioactivity, 24 h after i.v. ['*'IJFIAU administration
(d). All images were obtained from the same mouse at the same imaging session, and the mouse
remained stationary between each imaging session. Note that (c¢) and (d) include optical fusion
with the white-light photograph shown in (a)

bioluminescence imaging and showed a good correlation between the nuclear (mi-
croPET) and optical (CCD camera) read-outs of the dual reporter system.

More recently, triple-reporter constructs (e.g., HSV1-TK/eGFP/Luc or TGL),
have been developed (Ray et al. 2003; Ponomarev et al. 2004). The map of the
plasmid is shown in Fig. 13. A single reporter construct (vector) with a gene prod-
uct(s) that can be assayed by three different imaging technologies (nuclear, fluores-
cence and bioluminescence) combines the benefits of each modality. Such systems
facilitate the development, validation and testing of new reporter systems in small
animals, as well as provide preliminary data that will facilitate the translation of
such studies into humans. Using dual or triple modality reporter constructs (PET,
fluorescence and bioluminescence) overcomes many of the shortcomings of each
modality alone. Although optical imaging does not yet provide optimal quantitative
or tomographic information, these issues are not limiting for PET-based reporter
systems and PET animal studies are more easily generalised to human applications.
Multi-modality reporters have been shown to facilitate the development, validation
and testing of new reporter systems in small animals (Gambhir 2002; Blasberg and
Tjuvajev 2003), as well as provide preliminary data that will facilitate the translation
of such studies into humans.

3 Applications of Reporter Gene Imaging

Reporter gene imaging can provide non-invasive assessments of endogenous
biological processes in living subjects. For example, imaging the transcriptional
regulation of endogenous genes in living animals using non-invasive imaging tech-
niques can provide a better understanding of normal and cancer-related biological
processes. Recent papers from our group have shown that p53- and HIF-1 (hypoxia
inducible factor-1)-dependent gene expression can be imaged in vivo with PET and
by in-situ fluorescence (Doubrovin et al. 2001; Serganova et al. 2004). Retroviral
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vectors were generated by placing the HSVI-tk/eGFP, a dual-reporter gene, un-
der control of a several repeats of the p53 protein (transcription factor) (Doubrovin
et al. 2001), and several repeats of the hypoxia response element (HRE, a specific
response element for HIF-1) (Serganova et al. 2004) (see below).

Imaging endogenous gene expression may be hampered when weak promot-
ers, in their usual cis configuration, a re-used to activate the transcription of the
reporter gene. This results in insufficient transcription of the reporter gene. To ad-
dress this limitation, a “two-step transcriptional amplification” (TSTA) approach
can be used to enhance transcriptional activity. TSTA was used to image activation
of the androgen-responsive prostate-specific antigen promoter (PSE) with firefly lu-
ciferase and mutant herpes simplex virus type 1 thymidine kinase (HSV1-sr39tk)
reporter genes in a prostate cancer cell line (LNCaP) (Zhang et al. 2002). Further
improvements of the androgen-responsive TSTA system for reporter gene expres-
sion were made using a “chimeric” TSTA system that uses duplicated variants of
the prostate-specific antigen (PSA) gene enhancer to express GAL4 derivatives
fused to one, two, or four VP16 activation domains. A very encouraging result
was the demonstration that the TSTA system was androgen concentration sensi-
tive, suggesting a continuous rather than binary reporter response. Another study
(Qiao et al. 2002) validated methods to enhance the transcriptional activity of the
carcinoembryonic antigen (CEA) promoter using the TSTA principle. To increase
promoter strength while maintaining tissue specificity, a recombinant adenovirus
was constructed which contained a TSTA system with a tumour-specific CEA pro-
moter driving a transcription transactivator, which then activates a minimal promoter
to drive expression of the HSV1-tk suicide/reporter gene. This ADV/CEA-binary-
HSV1-tk system resulted in equal or greater cell killing of transduced cells by gan-
ciclovir in a CEA-specific manner, compared with ganciclovir killing of all cells
transduced with a CEA-independent vector containing a constitutive viral promoter
driving HSV1-tk expression (ADV/RSV-tk). However, as observed with the PSE-
TSTA reporter system above, the in-vivo imaging comparison of the TSTA and cis
reporter systems showed substantially less dramatic differences than that obtained
by the in-vitro analyses.

Gene expression levels are also regulated by post-transcriptional modulation,
including the translation of mRNA. A recent study demonstrated that imaging
post-transcriptional regulation of gene expression is feasible. This was shown by
exposing cells to antifolates and inducing a rapid increase in the levels of the en-
zyme dihydrofolate reductase (DHFR). Several studies indicated that the DHFR
binds to its own mRNA in the coding region, and that inhibition of DHFR by
methotrexate (MTX) releases the DHFR enzyme from its mRNA. Consequently,
this release results in an increase in translation of DHFR protein. In addition to
the described translational regulation of DHFR in cancer cells exposed to MTX,
increased levels of DHFR also result through DHFR gene amplification, a com-
mon mechanism of acquired resistance to this drug. In contrast to rapid translational
modulation of DHFR, gene amplification occurs in response to chronic exposure to
antifolates, and elevated cellular levels of DHFR result from transcription of mul-
tiple DHFR gene copies. Recently, Mayer-Kuckuk et al. (2002) utilised imaging to
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show that the antifolate-mediated regulation of DHFR indeed occurs in vivo. For
this study, a mutant DHFR was tagged with the reporter gene HSVI-tk; a modifi-
cation that neither abolished the DHFR response to methotrexate or trimetrexate,
nor compromises the activity of the robust HSVI-tk reporter gene. Regulation of the
DHFR-HSV1-TK fusion protein could be visualised in PET imaging studies that
were performed on nude rats bearing DHFR-HSV I -tk-transduced HCT-8 xenografts.
In this model, systemic administration of antifolate results in increased accumu-
lation of the DHFR-HSV1-TK fusion protein in tumour tissue. Positron emission
tomography of this increase was achieved after injection of the HSV1-tk substrate
['>*I]FIAU and tracer clearance. The results of this in-vivo imaging were consistent
with complementing in-vitro experiments and indicated that the increase in the fu-
sion reporter protein DHFR-HSV1-TK was occurring at a translational level, rather
than at the transcriptional level.

3.1 Tissue Hypoxia: The Biological Basis for Indirect Imaging
of Hypoxia

Given the importance of hypoxia in cancer progression and therapy, there has been
a long-standing interest in developing non-invasive imaging methodologies to de-
tect and assess tumour hypoxia. However, tumour hypoxia is a spatially and tem-
porally heterogeneous phenomenon, resulting from the combined effect of many
factors, including tumour type and volume, disease site (specific organ or tissue),
regional microvessel density, blood flow, oxygen diffusion and consumption rates,
etc. The most important regulatory factor of the hypoxia signalling pathway in cells
is hypoxia-inducible transcription factor-1 (HIF-1). HIF-1 mediates adaptive re-
sponses to reduced O, availability. HIF-1 is a heterodimeric protein consisting of an
oxygen-regulated o-subunit and a stable B-subunit (Wang and Semenza 1995). HIF-
1o undergoes rapid turnover (half-life is less than 5 min) in the presence of oxygen,
being degraded by the ubiquitin-proteasome pathway through the interaction with
the VHL (von Hippel-Lindau) protein (Ivan et al. 2001). VHL recognition of the
HIF-1o subunit is dependent on the hydroxylation of conserved proline residues
within HIF-1q, that occurs only when oxygen is available (Salceda and Caro 1997;
Kaelin 2005).

We developed an inducible reporter system that was sensitive to hypoxia and
could be monitored by non-invasive imaging (Serganova et al. 2004). Up-regulation
of the HIF-1 transcriptional factor was demonstrated and correlated with the expres-
sion of dependent downstream genes (e.g. VEGF) (Fig. 14). PET imaging of HIF-1
transcriptional activity in tumours using this reporter system was developed and val-
idated (Serganova et al. 2004), and this reporter system could be used to assess the
effects of radiation, new drugs or other novel therapeutic paradigms that impact on
the HIF-1 signalling pathways.

In the absence of an imaging technique to directly determine the partial oxygen
pressure (pO,) in tissue, current non-invasive methodologies must be corroborated.
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Fig. 14 a—f Characterisation of a hypoxia-sensitive specific reporter system. Fluorescence mi-
croscopy of #4C6 reporter cells (cells were transduced with a double reporter vector bearing a
constitutively expressed reporter fusion dsRed2/XPRT and a hypoxia regulated HSVI-tk/GFP fu-
sion gene) under base-line conditions a and following exposure to 200 uM CoCl; for 24 h b. VEGF
and HSV 1-tk/GFP expression in response to hypoxic conditions. ¢ Agarose-gel electrophoresis of
the RT-PCR products was performed to validate a hypoxia dependent reporter system (HSVI-
tk/GFP). d Western blotting of the expression level of HSV1-tk/GFP confirms the integrity of the
reporter system. Assays were performed 24 h after exposure to different concentrations of CoCl,.
e Sequential confocal microscopic images of the multi-cellular spheroid from reporter #4C6 cells
during different phases of growth (bar 200 um). Normoxic cells (small spheroid and periphery of
larger spheroids) show only red-fluorescing cells and demonstrate no HIF1 transcriptional activ-
ity. Hypoxic TKGFP-fluorescing cells are clearly detectable within the central region when the
spheroid grows to 350-400um in diameter. At a significantly larger size, this central region be-
comes necrotic as evidenced by the absence of cell fluorescence. In-vivo microPET imaging of
ischemia-reperfusion injury-induced HIF-1 transcriptional activity. f Axial PET images of HIF-1-
mediated HSV1-TK/GFP expression in s.c. #4C6 xenografts growing in both anterior limbs of the
same mouse before and after tourniquet application to the left anterior limb proximal to tumour.
The s.c. #4C6 tumour xenograft growing in the right limb was not affected and served as a control.
(Adapted from Serganova et al. 2004)

Validation experiments are frequently performed by comparisons with direct pO,
probe measurement (considered the “gold standard”) or by immunohistochemi-
cal techniques, which provide detailed microdistribution data of relative (not ab-
solute) pO, level. Physical measurement of pO, levels using polarographic oxygen
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electrodes (Brizel et al. 1996; Hockel et al. 1996; Nordsmark et al. 1996) have been
shown to be of prognostic value. These devices provide a direct measure of pO, at
a specific, but this method is invasive and provides selected pO, data along a series
of individual sampling tracks with an inherent limitation of tumour sampling. Im-
munohistochemical (IHC) methods are based on antibody detection of exogenous
hypoxia markers, such as pimonidazole (Nordsmark et al. 2003) or EF5 (Koch and
Evans 2003; Evans et al. 2004), that are injected into the patient prior to surgical
resection of tissue (tumour). IHC methods yield microscopic information on hy-
poxia in relation to tumour histology. However, such data requires the acquisition
of tissue specimens by invasive time-consuming IHC techniques and provides only
relative pO, information. In addition, only a small number of sections can be real-
istically processed per patient; thus, immunohistochemical methods are inherently
limited and subject to sampling errors. These limitations have spurred enthusiasm
for the development of non-invasive imaging methods that provide tomographic vi-
sualisation of tissue hypoxia in tumours and can be repeated. Endogenous molecular
markers of tumour oxygenation have been suggested and studied. In patients with
cervical cancer patients HIF-1 might represent a reliable intrinsic marker for tu-
mour hypoxia and prognosis (Bachtiary et al. 2003). GLUT-1 has also been shown
to be an endogenous marker of hypoxia for oral squamous cell carcinoma and rectal
carcinoma (Cooper et al. 2003; Oliver et al. 2004). Another a much cited endoge-
nous marker of tumour oxygenation is carbonic anhydrase 9 (CA9) (Giatromanolaki
et al. 2001). It was shown, that it can be a prognostic indicator in cervical cancer
(Loncaster et al. 2001), and in invasive breast cancer studies (Colpaert et al. 2003).
However, none of these markers can be universally used across many tumour types,
because they are likely cell-type specific and are not reliable for the reasons dis-
cussed above.

The principal non-invasive approaches to imaging tumour hypoxia include mag-
netic resonance and radionuclide (PET and SPECT) imaging, but other techniques
such as optical imaging or electron spin resonance are under investigation. For ex-
ample, near-infrared (NIR) imaging detects tissue hypoxia as a decrease in the local
blood pool oxyhemoglobin-deoxyhemoglobin ratio but with poor spatial resolution
(Brun et al. 1997). Electron paramagnetic resonance imaging (EPRI) is a newly
emerging MR imaging technology which can produce images of oxygen levels in
normal and tumour tissues (Elas et al. 2003) and may soon develop into a more
widely used method in studies of hypoxia. More conventional MR techniques in-
clude blood-oxygen-level-dependent (BOLD) imaging, which detects a change in
tissue perfusion by the amount of oxygenated blood (Krishna et al. 2001), and has
become widely used in fMRI applications (Hennig et al. 2003). However, BOLD
cannot be used to determine the level of oxygen in tissues or characterise the
molecular-genetic changes in tumour cells. NMR spectroscopy can detect increased
lactate (a product of anaerobic glycolysis) and decreased ATP levels in 'H and 3'P
spectra, respectively, as well as tissue pH, but has poor sensitivity (in mmol range)
and poor spatial resolution (~1cm?) (Gillies et al. 2002).

Radionuclide-based imaging approaches, using a direct imaging strategy, claim
a detection sensitivity which is several orders of magnitude higher than MR-based
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techniques. However, the resolution of modern whole-body PET and SPECT systems
ranges from 4 to 10mm. PET can provide quantitative images of a variety of
processes that are related to hypoxia (Lewis and Welch 2001). Using 130, inhala-
tion (lida et al. 1996), parametric PET images of tissue oxygenation levels, regional
oxygen extraction fraction and metabolic rate can be generated with much higher
accuracy than with invasive measurements of oxygen tension in tissues (Gupta et al.
2002). PET imaging with 130, is currently the “gold standard” for non-invasive
imaging of tissue oxygen levels. However, it is not widely used for experimental or
clinical imaging, due to the very short half-life of O, (t, /2 = 2min), which renders
such studies (both animal and clinical) logistically and technically complex as well
as expensive.

The more widely used clinical studies to image hypoxia using PET are based
on 2-nitroimidazole halogenated tracers, such as '®F-labeled misonidazole (['8F]-
FMISO) (Rasey et al. 1996). The nitroimidazoles become reduced in a hypoxic
environment and then covalently bind to intra- and extracellular molecules, and the
magnitude of their accumulation has been shown to be proportional to the level
of hypoxia (Chapman et al. 1983). Several nitroimidozole compounds have been
radiolabelled and studied as potential hypoxia imaging agents. Lehtio et al. (2004)
evaluated the use of 18F-ﬂuoro-erythronitlroimidazole (FETNIM) and tested it as
a predictor of radiotherapy outcome. They reported that the data of ['8F]-FETNIM
was suggestive but inconclusive. Another 2-nitroimidazole, 2-(2-nitro-1H-imidazol-
1-y1)-N-(2,2,3,3,3-pentafluoropropyl) acetamide (EF5), has been successfully used
as an immunohistochemical marker of hypoxia in surgical trials. PET images have
been obtained with EF5 (Evans et al. 2000).

3.2 Imaging Adoptive Therapies

A non-invasive method for repetitive evaluation of adoptively administered cells
benefits the assessment of current adoptive therapies in clinical use (e.g. bone mar-
row transplantation, immune cell and blood-derived progenitor cell-based therapies)
as well as future adoptive therapies using stem cells. Individual patient monitor-
ing would contribute to patient management by visualising the trafficking, homing-
targeting and persistence of adoptively administered cells, as well as assess their
functional activation, proliferation and cytokine expression. Such studies would sig-
nificantly aid in the clinical implementation and management of new therapeutic ap-
proaches based on the adoptive transfer of immune cells, progenitor cells and stem
cells.

In this section we will focus on adoptive T-cell monitoring, although the meth-
ods for non-invasive monitoring can be readily transferred other systems (e.g. bone
marrow stromal cells or endothelial precursor cell). Non-invasive imaging of lym-
phocyte trafficking dates back to the early 1970s, when the first experiments were
performed with extracorporeal labelling of lymphocytes using various metallic ra-
dioisotopes and chelation attachments to the cell surface (e.g. Ul 67Co, 64Cu,
SCr, 9 MTe) (Papierniak 1976; Gobuty 1977; Rannie 1977; Korf 1998; Adonai
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2002). A major limitation of ex-vivo labelling of lymphocytes with radionuclides
is the relatively low level of radioactivity per cell that can be attained by labelling
cells. The exposure of cells to higher doses of radioactivity during labelling is also
limited by radiotoxicity. Another shortcoming of ex-vivo radiolabelling is the short
period for cell monitoring, which is limited by radioactivity decay and biological
clearance.

The genetic labelling of cells for adoptive therapy monitoring provides substan-
tial advantages for long-term monitoring and for assessing the functional status of
the adoptively transferred cells. Retroviral-mediated transduction has proven to be
one of the most effective means to deliver transgenes into T-cells and results in
high levels of sustained transgene expression (Gallardo et al. 1997; Hagani 1999).
Genetic labelling of lymphocytes with the luciferase (FLuc) reporter gene and non-
invasive bioluminescence imaging (BLI) of mice has been reported (Hardy 2001;
Zhang 2001). Costa et al. (2001) showed the migration of myelin basic protein spe-
cific, Luc-transduced CD4™ T-cells in the central nervous system. The distribution
of cytotoxic T-lymphocytes (CTL) can also be followed throughout the organism
and monitored over time using BLI of Luc-expressing CTLs. The variable optical
characteristics of tissue at different depths from the surface on the emitted pho-
tons must be recognised in any BLI assessment of cell trafficking. Nevertheless,
BLI based on Luc expression has great potential in preclinical mouse-model stud-
ies, where high sensitivity, low cost, and technical simplicity are important for rapid
screening.

The long-term trafficking and localisation of T-lymphocytes is an important com-
ponent of the immune response, and in the elimination of abnormal cells and infec-
tious agents from the body. Passive (ex vivo) labelling of T-cells with radioisotopes
or magnetic labels can be unstable, is limited in long-term assessments and does
not account for proliferation of activated T-cells in the body. Our group demon-
strated the feasibility of long-term in-vivo monitoring of adoptively transferred
antigen-specific T cells that were transduced to express a radiotracer-based re-
porter gene for non-invasive in-vivo PET imaging (Koehne 2003). EBV-specific T
cells (CTLs) were obtained and stably transduced with a constitutively expressed
dual reporter gene (HSVI-tk/GFP fusion gene). SCID mice bearing four tumours
[(1) autologous HLA-A0201" EBV-transformed B cells (EBV BLCL); (2) allo-
geneic EBV BLCL expressing HLA-A0201 allele; (3) allogeneic HLA mismatched
EBV BLCL; (4) EBV-negative HLA-A0201" B-cell acute lymphoblastic leukemia
(B-ALL)] were treated with HSVI-tk/GFP-transduced EBV-specific CTLs. Specific
accumulation and localisation of radioactivity was observed only in the autologous
and allogeneic HLA-A0201" EBV-BLCL; no T-cell infiltration was seen in the al-
logeneic HLA-A0201-matched, EBV-negative B-ALL or HLA-mismatched EBV
BLCL xenografts (Fig. 15). Sequential imaging over 15 days after T-cell injection
permitted long-term monitoring of the HSVI-tk/GFP-transduced cells and demon-
strated tumour-specific migration and targeting of the CTLs. Infusion of EBV-
specific cytotoxic T-cells (CTLs) led to the elimination of subcutaneous autologous
EBV-BLCL tumour and HLA-A0201" allogenic EBV-BLCL xenografts. This tu-
mour rejection was abolished by administration of ganciclovir, which eliminated
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Fig. 15 MicroPET imaging of T-cell migration and targeting. Sequential axial images through
the shoulders (left panel) and thighs (right panel) of mice bearing autologous BLCL (7'1), HLA-
A0201 matched BLCL (72), HLA-mismatched BLCL (7'3), and HLA-A0201 ALL (74) tumours
in the left and right shoulders and the left and right thighs, respectively after i.v injection of
['**I]FIAU 1, 8 and 15 days post T-cell infusion. All images are from a single representative ani-
mal. (Adapted from Koehne et al. 2003)

the HSVI-tk-transduced T-cells (our unpublished data). These studies demonstrate
the feasibility of long-term in-vivo monitoring of targeting and migration of antigen-
specific CTLs that are transduced to constitutively express a radionuclide-based re-
porter gene. This paradigm provides the opportunity for repeated visualisation of
transferred T-cells within the same animal over time using non-invasive reporter
gene PET imaging and it is potentially transferable to clinical studies in patients
with EBV+- cancer.

The potential of PET imaging for quantifying cell signals in regions of anatomic
interest exists. However, little is known about the constraints and parameters for
using PET signal detection to establish cell numbers in different regions of inter-
est. Su et al. (2004) determined the correlation of PET signal to cell number, and
characterised the cellular limit of detection for PET imaging. These studies using
human T-cells transduced with the HSVI-tk reporter gene revealed a cell number-
dependent signal, with a limit of detection calculated as 10° cells in a region of
interest of 0.1 ml volume. Quantitatively similar parameters were observed with sta-
bly transduced N2a glioma cells and primary T-lymphocytes.

An essential component of the immune response in many normal and disease
states is T-cell activation. Our group has monitored and assessed T-cell receptor
(TCR) -dependent activation in vivo using non-invasive PET imaging (Ponomarev
et al. 2001). TCR interactions with MHC-peptide complexes expressed on antigen-
presenting cells initiate T-cell activation, resulting in transcription that is mediated
by several factors. Several of these factors, including IL-2 and other cytokines, con-
tribute to the regulation of a number of target genes through several activating path-
ways and involve several transcription factors such as nuclear factor of activated
T-cells (NFAT) (Li W 1996). Furthermore, this activation can be arrested clinically
by the use calcineurin inhibitors such as cyclosporin A and FK506 (Kiani A 2000).
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When combined with imaging of NFAT-mediated activation of T-cells, non-invasive
PET imaging should allow for monitoring the trafficking, proliferation and antigen-
specific activation of T-cells in anti-tumour vaccination trials.

3.3 Imaging the Trafficking of Bone Marrow-derived Cells

Imaging the trafficking of bone marrow-derived cells has also been performed using
optical-, MR- and PET-based imaging studies. The use of PET for monitoring bone
marrow and progenitor (stem) cell transplantation has lagged behind optical and
MR techniques (Kiani et al. 2000; Wang et al. 2003). In most cases, PET imaging
has been applied to monitoring bone marrow transplantation (BMT), to assess for
residual disease (Hill et al. 2003), or BMT conditioning regimen related toxicities
(Vose et al. 1996). Monitoring the fate of bone marrow stem cells with PET follow-
ing direct labelling with ['®F]fluorobenzoate and transplantation was first reported
by Olasz et al. (Olasz et al. 2002). Direct labelling of bone marrow-derived cells is
limited by the half-life and quantity of isotope used in the labelling. Reporter gene
technology precludes this limitation, and allows for extended monitoring of stem
cell engraftment (Mayer-Kuckuk et al. 2004). Recently, Cao et al. (2004) reported
luciferase bioluminescence imaging of hematopoietic stem cells following trans-
plantation into irradiated recipient mice. Donor stem cells were derived either from
a luciferase or luciferase/GFP transgenic mouse and purified through cell sorting.
After systemic administration, repeated optical imaging was used to detect the sites
and kinetics of hematopoietic stem cell engraftment. The data suggest that the stem
cells initially home to the bone marrow or spleen, while little specificity for a partic-
ular bone marrow compartment exists. Interestingly, different subsets of progenitor
cells, such as short- or long-term repopulating cells, showed comparable homing
profiles but differences in their proliferative potential. The potential of biolumines-
cence imaging to monitor engraftment of hematopoietic progenitor cells was previ-
ously shown in a mouse model of xenotransplantation of human hematopoietic stem
cell populations (Wang et al. 2003). We have applied reporter gene technology to im-
age the trafficking and distribution of bone marrow cells using a multiple-modality
reporter gene approach (Mayer-Kuckuk et al. 2006). Co-registration of microPET
and microCT images facilitated interpretation of the PET signal and allowed local-
isation of radioactive foci to specific anatomical structures (Fig. 16). Others have
studied effects of the bone marrow transplanted cells on the reconstruction of the
ischemic myocardium (Tomita et al. 2002; Stamm et al. 2003).

3.4 Imaging Oncogenesis and Signalling Pathways in Genetic
Modified Mouse Models

Genetic modified mouse models take advantage of the fact that cancer results from
mutations in proto-oncogenes and tumour suppressor genes. They allow examination
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Fig. 16 a—d Multi-modality imaging of autologous bone marrow-derived cells targeting bone.
Multi-modality imaging: microPET a; microCT b; microPET-CT overlay ¢; microPET-CT regis-
tration, segmentation and fusion d. Bone marrow-derived cells were transduced with a constitu-
tively expressing triple-modality reporter (Ponomarev et al. 2004). The images show targeting of
bone and 6 days after i.v. administration. Note that the tomographic display d confirms the tar-
geting of transduced cells to bone; a future objective is to perform microPET-MR acquisitions
and a similar tomographic microPET-MR registration and fusion to identify soft tissue structures
that are targeted or are involved in trafficking of transduced reporter cells. It is also expected that
some time in the near future that tomographic bioluminescence and fluorescence images can be
obtained, and that these images will be registered with currently available CT, MR and PET tomo-
graphic images. [These images were obtained by Philipp Mayer-Kukuck and Debabrata Banerjee,
in collaboration with others; the image fusion and segmentation was performed by Dr. Luc Bidault,
MSKCC (Mayer-Kuckuk et al. 2006)]

of the consequence of a specific gene alteration on the formation of tumours in their
physiological environment. Important for the interpretation of data obtained from
mouse models is the ability to accurately detect the consequences that arise from the
generated genetic alteration. In most circumstances, onset and temporal dynamics
of tumour growth will be a critical assessment. Mouse modelling of cancer (Holland
2004b) and the genetic alterations in mouse models of gliomagenesis have recently
been reviewed (Holland 2004a). Since these mouse models require gene manipula-
tion, it is useful to use reporter genes for the non-invasive detection and assessment
of tumour growth.

A proof-of-principle study that utilises bioluminescence imaging to detect and
measure K-Ras-dependent lung tumour genesis has been reported by Lyons et al.
(2003). Mice engineered to induce lung tumours following Cre recombinase-
mediated activation of K-Ras over-expression were crossed with animals which pro-
vide Cre controlled luciferase expression. Following adenoviral delivery of Cre to
the lungs, the formation of multiple lung tumours was observed. Optical biolumi-
nescence imaging using the luciferase reporter gene was capable of monitoring the
temporal dynamics of tumour development and progression in the lung of an indi-
vidual animal (Fig. 17).
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Fig. 17 a—-d Bioluminescence imaging of spontaneous lung tumorigenesis and tumour progression.
Tumours arising from LucRep/conditional Kras2"'? mice were visualised non-invasively. a IVIS
bioluminescence image of a compound LucRep/conditional Kras2"'> mouse 13 weeks after AdCre
intubation shows a bright focal region of luminescence originating from the thorax. b IVIS image
of the lungs dissected from the mouse depicted in a also shows a single origin of light. ¢ The same
lungs after H&E processing (at x2.5 and x 10 magnification) showing that the light detected in a
and b originated from a single lesion measuring between 1 and 2 mm in diameter. d Longitudinal
measurement of Kras2"'?-induced lung tumour growth in an individual mouse imaged sequentially
at 2-week intervals. (Adapted from Lyons et al. 2003)

An important aspect of the report by Lyons et al. (2003) is their methodologi-
cal approach. Imaging oncogenesis was accomplished by combining a conditional
transgenic mouse model of tumour genesis with a conditional transgenic reporter
gene mouse. This approach is highly versatile and easily translatable to other mouse
models of cancer. However, reporter gene imaging was restricted to monitor tu-
mour development and, therefore, activation of the reporter was only indirectly re-
lated to the activation of oncogenic pathways. Furthermore, all non-invasive in-vivo
imaging systems have defined limits with respect to image resolution and sensitiv-
ity. Hence, it can be anticipated that only established tumours of a minimum size
and with an established blood supply can be efficiently monitored by our molecular
imaging techniques (e.g. microPET, bioluminescence, fluorescence). It is, therefore,
unlikely that the very early events which lead to the formation of cancer can be im-
aged using some of our currently available molecular imaging techniques, and that
further developments in imaging technology will be required to image very small
populations of cells. Nevertheless, as described in the next section, reporter gene
imaging has a great potential to directly assess the molecular changes that occur
during oncogenesis.

The signalling pathways mediated by receptor tyrosine kinase (RTK), includ-
ing PDGF, EGF and HER?2 receptor, are important for oncogenesis and tumour
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development. These receptors have been shown to be are frequently mutated, am-
plified or over-expressed in tumours (Lazar-Molnar et al. 2000; Dai et al. 2001;
Holland 2004b; Lyons et al. 2006). RTKs signal through several effector arms,
including Rass/MAPK (MAP kinase), PI3K (phosphoinositide 3-kinase), PLC-g
(phospholipase C), and JAK-STAT (signal transducers and activators of transcrip-
tion), which regulate cellular proliferation, migration and invasion, and cytokine
stimulation. Furthermore, the PI3K-PKB/Akt signalling pathway plays a critical
role in mediating survival signals in a wide range of cell types. The binding of
growth factors to specific receptor tyrosine kinases activates the phosphoinositide
3-kinase (PI3K) and the serine-threonine kinase Akt (also called protein kinase B
or PKB). Akt has been shown to be activated in many tumours and up-regulation of
Akt activity is consistently observed in PTEN-mutant gliomas. Activated forms of
Akt substitute for IL-2 signals that phosphorylate Rb and activate E2F during G1
progression (Brennan et al. 1997). Because E2F can up-regulate the expression of
c-myc (Moberg et al. 1992; Oswald et al. 1994; Wong et al. 1995), c-myc induction
by Akt may be mediated, at least in part, via E2F. In addition, recent experiments
suggest that Akt may also use metabolic pathways to regulate cell survival. Given
the scope of biological effects from RTK stimulation, it is reasonable to investigate
how the dysregulation of these pathways drives malignant transformation, progres-
sion and maintenance of these tumours.

Holland et al used the RCAS/TVA system to induce PDGF-driven gliomas in a
transgenic mouse model (Dai et al. 2001; Holland 2004b). This system is comprised
of two components: (1) an avian retroviral vector referred to as RCAS, (2) an avian
tv-a receptor for the RCAS vector (Dai et al. 2001; Sherr and McCormick 2002).
They developed an N-tv-a transgenic mouse line, expressing tv-a from the nestin
promoter. Infection of RCAS-PDGFB to neural progenitors in N-tv-a mice induced
the formation of gliomas in about 60% of mice (Dai et al. 2001) (Fig. 18a).

To monitor the proliferative activity of PDGF-induced gliomas by biolumines-
cence imaging, they also generated a transgenic reporter mouse using the human
E2F1 promoter, which is strictly regulated by RB in cell-cycle progression (Dai
et al. 2001; Sherr and McCormick 2002), to drive expression of the firefly luciferase
gene (E2F-luc) (Dai et al. 2001; Uhrbom et al. 2004). The E2F-luc transgenic mouse
line was then crossbred with the N-tv-a mouse strain. The luciferase activity of
PDGF-induced gliomas could be detected in the double transgenic 4 weeks after
RCAS-PDGF injection. The time-dependent increase in light production represents
the sum of the tumour cells’ capacity to proliferate and the overall size of the tumour
(Fig. 18a).

3.5 Imaging Drug Treatment in Mouse Tumour Models

A currently applied variant of reporter imaging, particularly in the pharmaceutical
industry, is to monitor tumour or xenograft growth using bioluminescence imaging.
In this system, the desired cell lines are stably transduced with a luciferase reporter
gene that is constitutively expressed. The transduced cells are selected and used to
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Fig. 18 a, b Bioluminescence imaging of PDGFB-induced glioma in E2F-luc/TVA transgenic
mouse model. a Generation of PDGFB-induced glioma model in E2F-luc/TVA transgenic mice.
PDGFB is inserted into the viral genome, and the modified RCAS virus is propagated in avian
cells in vitro. Then the virus-producing cells are injected into the brain of the E2F-luc/TVA double
transgenic mice expressing both tv-a (the RCAS receptor) under the nestin promoter and the firefly
luciferase under the E2F1 promoter. After 4 weeks of injection, proliferative activity of the induced
glioma has been increased and light production has been elevated. b Preclinical trials of PDGFB-
induced gliomas-bearing E2F-luc/TVA transgenic mouse model. Left panel: longitudinal imaging
of one tumour-bearing mouse treated with PDGFR inhibitor daily, PTK787/ZK222584, for 6 days.
Middle and right panels: longitudinal study with five E2F-luc/TVA transgenic mice in each cohort:
buffer treated (middle panel) or treated daily with PTK787/ZK222584 (right panel). (Adapted from
Uhrbom et al. 2004)

produce s.c. or orthotopic xenografts. The growth and response to treatment can
be monitored effectively in mice by sequential bioluminescence imaging, over time
(Rehemtulla et al. 2000) (Fig. 19). The intensity of bioluminescence at a particular
site in the animal is directly related to size (number of transduced cells expressing
luciferase) of the tumour (Figs. 11, 17,19). The popularity and wide use of biolumi-
nescence reporter imaging is due to its relative simplicity, low cost, high sensitivity
and high throughput.

There is a strong rational to assess the effects of drugs that target PDGF/EGFR/
HER?2 signalling or Ras/Raf/MEK/Erk- and PKB/Akt/mTOR-mediated pathways
by non-invasive imaging. The application of biomarker or surrogate imaging using
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Fig. 19 a—d Temporal analysis of the response of 9LLuc tumour to BCNU chemotherapy. Tumour
cells were implanted 16 days before treatment. Tumour volume was monitored with T2-weighted
MRI a and intra-tumoural luciferase activity was monitored with BLI b. The days post-BCNU
therapy on which the images were obtained are indicated at the top. The scale to the right of
the BL images describes the colour map for the photo count. ¢ Quantitative analysis of tumour
progression and response to BCNU treatment. Tumour volumes and total tumour photon emis-
sion obtained by T2-weighted MRI and BLI, respectively, are plotted versus days post-BCNU
treatment. The dashed lines are the regression fits of exponential tumour repopulation following
therapy. The solid vertical lines denote the apparent tumour-volume and photon-production losses
elicited by BCNU on the day of treatment from which log cell-kill values were calculated as pre-
viously described (Nakagawa et al. 2001). d Comparison of log cell-kill values determined from
MRI and BLI measurements. Log cell-kill elicited by BCNU chemotherapy was calculated using
MRI (1.784-0.36) and BLI (1.84 +0.73). Data are represented as mean + SEM for each animal
(n=15). There was no statistically significant difference between the log kills calculated using the
MRI abd BLI data (P = 0.951). (Adapted from Rehemtulla et al. 2000)

FDG and PET has been discussed above. The development and use of reporter- and
direct-imaging paradigms to evaluate the efficacy of molecular-targeted therapies is
now being pursued by many groups. Specific drugs that are known (or thought) to
target specific signalling pathways and down-stream effectors can be assessed in the
reporter-xenografts or transgenic/oncogenic reporter-animals. Namely, the effects of
treatment targeted to a particular signalling pathway can be assessed by non-invasive
imaging.

For example, the E2F-reporter mouse model, that monitors the proliferative ac-
tivity, was used by the Holland laboratory in longitudinal preclinical studies to study
the effects of treatment with a drug, PTK787/ZK222584, that inhibits the PDGF re-
ceptor. Compared with the buffer-treated control group animals, mice treated with
PTK787/2K222584 showed a clear reduction in light emission from the brain area
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Fig. 20 a-1 Imaging BCNU activation of p53. The p53-sensitive, dual-modality reporter vector
(top panel) contains an artificial p53 specific enhancer element that activates expression of the
HSVI1-TK/eGFP reporter gene. A constitutively expressed neomycin selection gene is also in-
cluded in the retroviral vector construct. Transaxial PET images (GE Advance tomograph) through
the shoulder a, ¢ and pelvis b, d of two rats are shown (second panel); the images are colour-coded
to the same radioactivity scale (% dose/g). An untreated animal is shown on the /eft a, b, and a
BCNU-treated animal, which is known to activate the pS3 pathway, is shown on the right ¢, d.
Both animals have three s.c. xenografts: a U87p53TKGFP (zest) in the right shoulder, a U87 wild-
type (negative control) in the left shoulder, and a RG2TKGFP (positive control) in the left thigh.
The non-treated animal on the left shows localisation of radioactivity only in the positive control
tumour (RG2TKGFP); the test (U87p53TKGFP) and negative control (U87wt) xenografts are at
background levels. The BCNU-treated animal on the right shows significant radioactivity locali-
sation in the test tumour (right shoulder) and in the positive control (left thigh), but no radioactiv-
ity above background in the negative control (left shoulder). Fluorescence microscopy and FACS
analysis (third panel) of a transduced U87p53/TKGFP cell population in the non-induced (control)
state e, g, and 24 h after a 2-h treatment with BCNU 40 mg/ml f, h are shown. Fluorescence mi-
croscopic images of post-motem U87p53/TKGFP s.c. tumour samples obtained from non-treated
rats i and rats treated with 40 mg/kg BCNU 1i.p. j are also shown. These results f—j demonstrate a
corresponding activation of the reporter system (increased fluorescence) due to p53 induction by
BCNU treatment. RT-PCR blots from in-vitro k and in-vivo I experiments (lower panel) show very
low HSV1-tk expression in non-treated U87p53TKGFP transduced cells and xenografts-bearing
animals, respectively, and no HSV1-tk expression in wild-type U87 cells and tumour tissue, re-
spectively. When U87p53TKGFP transduced cells and xenografts-bearing animals are treated with
BCNU, there is a marked increase in HSV1-tk expression, comparable to that in constitutively
HSV1-tk-expressing RG2TK™ cells and xenografts. (Adapted from Doubrovin et al. 2001)

over 5 days (Fig. 18b). The reduction in light production was also found to be
proportional to the cell proliferation index. The E2F-reporter mouse model makes
it possible to investigate the importance of PDGF-related signalling pathways in
glioma maintenance. The non-invasive imaging allows for dynamic in-vivo moni-
toring of a specific signal transduction pathway activity and precludes the animal
euthanasia that is usually required to obtain tissue samples for molecular assays. It
is also a valuable tool to obtain the more accurate and detailed measurement of bio-
logical processes during tumour treatment by the pathway specific/targeting drugs.
Based on the strategy of construction of reporter-bearing mouse model, the activa-
tion of a specific oncogene during tumorigenesis has also been monitored through
an oncogene promoter that controls the expression of a reporter gene. For example,
the PSA-luc reporter mouse was used in prostate cancer model (Dai et al. 2001;
Lyons et al. 2006), and the pVEGF-TSTA-luc reporter mouse was constructed for
mammary tumorigenesis model (Wang et al. 2000).

As discussed above, and this has been developed and validated for several
transcriptional-sensitive reporter systems (Doubrovin et al. 2001; Serganova et al.
2004). Up-regulation of these transcription factors was demonstrated and correlated
with the expression of downstream-dependent genes [e.g. p21, vascular endothelial
growth factor (VEGF), respectively]. Imaging BCNU activation of p53 is shown in
Fig. 20. Such assays can be applied to tumours or xenografts that have been trans-
duced with the appropriate reporter construct, or in appropriate transgenic reporter-
animal models of cancer.
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Fig. 21 a—c Monitoring the effect of 17-AAG on tumour HER2 expression. a Coronal and transax-
ial MicroPET images of [*®Gal-F(ab),-Herceptin in a single nude mouse bearing a single BT 474
xenograft (arrow). Both image sets were acquired 3 h after i.v. injection of approximately 5 MBq
of [68 Ga]-F(ab),-herceptin. The pre-treatment images are shown on the left; the post-treatment im-
ages are shown on the right. Treatment involved 17-AAG administered 3 x 50mg/kg over 24 h,
followed by imaging 24 h later. b The pharmacodynamics and pharmacokinetcs of HER2 expres-
sion levels following two different 17-AAG treatment schedules. MicroPET determinations of av-
erage HER?2 expression in two groups of mice (n = 5) over a 1-week period. One treatment group
(a) of mice received 2 x 100mg/kg 17-AAG over 24 h, and the other treatment group (b) received
3 x 50mg/kg 17-AAG over 24 h after the initial microPET scan; the control animals in each group
received vehicle only. The data are normalised to the initial pretreatment uptake value. A signifi-
cant difference in treatment effect on HER2 expression levels is seen between the two schedules
of 17-AAG administration. ¢ Western blot analysis of HER2 and the 85-kDa regulatory subunit of
P13 kinase expression in BT-474 tumours from control mice and from mice 24 H treatment with
17-AAG. (Adapted from Smith-Jones et al. 2004)
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In a recent study, imaging was used to sequentially monitor the pharmacodynam-
ics of HER2 degradation in response to treatment with a HER2-chaperone protein
(HSP90) inhibitor (17-AAG) (Smith-Jones et al. 2004). This study demonstrates that
a highly specific, small F(ab’), antibody fragment can be diolabeled with a short-
lived nuclide and used for repetitive non-invasive imaging of HER2 degradation and
recovery (Fig.21). What was novel in this study was the ability to image the target
of therapy, HER2, through the effects of a drug on the HER2 chaperone protein
(HSP90) rather than through an inhibition of HER2 function. The ansamycin class
of antibiotics, including geldanamycin and its derivative 17-AAG, bind to the ATP-
binding pocket of HSP90 and inhibit its chaperone function. The HSP90 chaperone
is required for conformational maturation and stability of a number of key signalling
molecules, including HER2, AKT, RAF, cdk4 serine kinases, and results in their
proteosomal degradation (Neckers 2002). Since HER?2 is dependent on HSP90 and
is particularly sensitive to 17-AAG treatment, Smith-Jones et al. (2004) exploited
this mechanism of action to image the pharmacodynamic effects of 17-AAG on
HER?2 (through the drug’s effect on the chaperone protein) (Fig. 21). This approach
could be extended to other targets of drug therapy, such as MET, IGF-1 and other
RTKs that are HSP90 chaperone-dependent and could easily be adapted to human
studies to provide the opportunity to non-invasively image the pharmacodynamics
of drug action by repetitive imaging over time using short-lived radionuclides. The
ability to image drug pharmacodynamic effects addresses a major impediment to the
development of rational therapeutic strategies; namely, the determination of whether
the drug treatment protocol (dose and schedule) is actually inhibiting the target and
whether the level of inhibition is sufficient. Furthermore, it is not inconceivable that
non-invasive imaging of drug pharmacodynamic effects could be applied to individ-
ual patients, in order to optimise dose and administration schedule.

4 Conclusions

Molecular genetic studies of disease and our understanding of the multiple and con-
verging pathways that are involved in disease development (e.g. oncogenesis and
tumour progression) have expanded rapidly over the past decade. The era of molec-
ular medicine has begun and the benefits to individual patients are widely expected
to be realised in the near future. For example, the formerly unresponsive and rapidly
fatal gastrointestinal stromal tumours (GIST) and chronic myelogenous leukemia
(CML) have shown remarkable responses to imatinib mesylate (Gleevac) treatment,
a drug that targets several receptor tyrosine kinases (cKit and Ber-Abl, respectively)
that are mutated or constitutively over-expressed.

Biomarker or surrogate imaging that reflects endogenous molecular/genetic
processes is particularly attractive for expansion and translation into clinical stud-
ies in the short-term. This is because existing radiopharmaceuticals and imaging
paradigms may be useful for monitoring down-stream changes of specific molecu-
lar/genetic pathways in diseases such as cancer (e.g. FDG PET). Biomarker imaging
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is very likely to be less specific and more limited with respect to the number of mole-
cular genetic processes that can be imaged. Nevertheless, it benefits from the use of
radiopharmaceuticals that have already been developed and are currently being used
in human subjects. Thus, the translation and application of biomarker imaging para-
digms into patient studies will be far easier than either the direct imaging or reporter
transgene imaging paradigms.

The “direct” molecular imaging motif builds on established chemistry and radio-
chemistry relationships. Bioconjugate chemistry linking specific binding motifs and
bioactive molecules to paramagnetic particles for MR imaging or to radionuclides
for PET and gamma camera imaging is rapidly expanding. This has occurred largely
through the development of new relationships and focused interactions between
molecular/cellular biologists, chemists, radiochemists, imagers and clinicians. The
next generation of direct molecular imaging probes will come from better interac-
tions between pharmaceutical companies, academia and hospitals. Such interactions
are now being pursued with the objective to develop and evaluate new compounds
for imaging; compounds that target specific molecules (e.g. DNA, mRNA, proteins)
or activated enzyme systems in specific signal transduction pathways. However, a
constraint limiting direct imaging strategies is the necessity to develop a specific
probe for each molecular target, and then to validate the sensitivity, specificity and
safety of each probe for specific applications prior to their introduction into the
clinic.

Reporter gene imaging studies will be more limited in patients compared with
that in animals, due to the necessity of transducing the target tissue or cells with
specific reporter constructs, or the production of transgenic animals bearing the re-
porter constructs. Ideal vectors for targeting specific organs or tissue (tumours) do
not exist at this time, although this is a very active area of human gene therapy re-
search. Each new vector requires extensive and time-consuming safety testing prior
to regulatory approval for human administration. Nevertheless, the reporter gene
imaging, particularly the genetic labelling of cells with reporter constructs, has sev-
eral advantages. For example, it is possible to develop and validate “indirect” imag-
ing strategies more rapidly and at considerably lower cost than “direct” imaging
strategies. This is because only a small number of well characterised and validated
reporter gene-reporter probe pairs need to be established. For example, there are now
four well-defined human genes (ANIS, hNET, hD2R and hSSTR2) with complimen-
tary, clinically approved, radiopharmaceuticals for PET or gamma-camera imaging
in patients. These four complimentary pairs (gene + probe) are excellent candidates
for future reporter gene imaging in patients. Importantly, these human genes are
less likely to be immunogenic compared with the reporter genes currently used in
animals (e.g. viral thymidine kinases, luciferases, fluorescent proteins). It should
also be noted that a single reporter gene-reporter probe pair can be used in differ-
ent reporter constructs to image many different biological and molecular genetic
processes. Once a complimentary reporter-pair (gene + probe) has been approved
for human studies, the major regulatory focus will shift to the particular backbone
and regulatory sequence of the reporter construct and to the vector used to target
reporter transduction to specific cells or tissue, both ex vivo and in vivo.
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The major factor limiting translation of reporter gene imaging studies to patients
is the “transduction requirement”’; target tissue or adoptively administered cells must
be transduced (usually with viral vectors to achieve high transduction efficiency)
with reporter constructs for reporter gene imaging studies. At least rwo different re-
porter constructs will be required in most future applications of reporter gene imag-
ing. One will be a “constitutive” reporter that will be used to identify the site, extent
and duration of vector delivery and tissue transduction or for identifying the distrib-
ution/trafficking, homing/targeting and persistence of adoptively administered cells
(the “normalising” or denominator term). The second one will be an “inducible”
reporter that is sensitive to endogenous transcription factors, signalling pathways or
protein-protein interactions that monitor the biological activity and function of the
transduced cells (the “sensor” or numerator term). The initial application of such
double-reporter systems in patients will most likely be performed as part of a gene
therapy protocol or an adoptive therapy protocol where the patients own cells are
harvested (e.g. lymphocytes, T-cells or blood-derived progenitor cells), transduced
with the reporter systems and expanded ex vivo, and then adoptively re-administered
to the patient. For example, adoptive T-cell therapy could provide a venue for imag-
ing T-cell trafficking, targeting, activation, proliferation and persistence. These is-
sues could be addressed in a quantitative manner by repetitive PET imaging of the
double-reporter system described above in the same subject over time.

We remain optimistic; the tools and resources largely exist and we should be
able to perform limited gene imaging studies in patients in the near future. The ad-
vantages and benefits of non-invasive imaging to monitor transgene expression in
gene therapy protocols are obvious. The ability to visualise transcriptional and post-
transcriptional regulation of endogenous target gene expression, as well as specific
intracellular protein-protein interactions in patients will provide the opportunity for
new experimental venues in patients. They include the potential to image the malig-
nant phenotype of an individual patient’s tumour at a molecular level and to monitor
changes in the phenotype over time. The potential to image a drug’s effect on a spe-
cific signal transduction pathway in an individual patient’s tumour provides the op-
portunity for monitoring treatment response at the molecular level. At the moment
this requires the use of “diagnostic” reporter gene transduction vectors that target
specific organs or tissue (tumours), and this will initially limit the translation and
application of reporter gene technology to patients. However, direct and surrogate
molecular imaging may begin to fill this gap over the next decade.
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