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Imaging in medicine has been classically based on the
anatomical description of organs. In the past 15 years,
new imaging techniques based on gene expression that
characterize a pathological process have been devel-
oped. Molecular imaging is the use of such molecules
to image cell-specific characteristics. Here, we review
recent advances in molecular imaging, taking as our
prime example lymph node (LN) metastasis in prostate
cancer. We describe the new techniques and compare
their accuracy in detecting LN metastasis in prostate
cancer. We also present new molecular strategies for
improving tumor detection using adenoviruses, molecu-
lar promoters and amplification systems. Finally, we
present the concept of ‘in vivo pathology’, which envi-
sages using molecular imaging to accurately localize
metastatic lesions based on the molecular signature of
the disease.

The importance of staging cancers

Cancer is the second most common cause of death in North
America. Oncologists aim to provide the best outcomes for
patients while minimizing the morbidity associated with
the treatments. Treatment decisions are made after the
oncological team has staged the cancer to be treated.
Staging is based on physical examination, pathology at
biopsy and imaging techniques. It determines whether a
cancer is localized, locally advanced with a high risk of
future metastasis or already metastatic. Based on the pre-
treatment evaluation and the natural history of each
cancer, there follows a local treatment (typically radio-
therapy or surgery), a systemic treatment (often che-
motherapy or hormonal deprivation therapy), or a
combination of these. For most cancers, the status of the
lymph nodes (LNs) is of primary importance in the treat-
ment decision-making process because lymphatic involve-
ment is considered to be an early step of metastatic spread
and an independent prognostic factor [1]. Unfortunately,
the classical pre-operative methods for assessing LNs are
mainly based on LN structural abnormalities such as
abnormal size and shape. Therefore, our ability to dis-
tinguish between absence of nodal involvement and meta-
static disease when a LN is structurally normal is poor.
There is a great need to develop an imaging modality for
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lymphatic metastasis, based on the molecular signature of
the cancer. Here, we review the classical clinical imaging
technologies for detection of LN metastasis in prostate
cancer and the new technologies that have been clinically
tested in trials and we consider future technologies that
could improve the accuracy of current detection methods.

The importance of identifying LNs in prostate cancer
Choice of treatment modality

Pre-operative localized prostate cancer staging has been
simplified by A. V. D’Amico and colleagues into three
subcategories based on the probability of prostate-can-
cer-specific mortality [2]. The three categories have been
named low-, intermediate- and high-risk prostate cancers
(Box 1). It is based on these categories that treatment
recommendations by the American Urological Association
are made. Pre-operative prostate cancer staging helps the
clinician to decide between surveillance, minimally inva-
sive local therapies (cryotherapy, brachytherapy and
experimental therapies) or a radical local treatment such
as surgery or external beam radiotherapy. The main goal of
staging is to limit the morbidity of the treatment while
giving excellent oncologic results. If it is judged based on
pre-clinical parameters that a cancer has a low-risk of LN
involvement, a localized treatment without LN dissection
could be proposed (i.e. surveillance, brachytherapy or
radical prostatectomy without LN dissection). However,
this classification is not precise enough to completely
exclude LN metastasis. Indeed, more precise pre-operative
predictive models for LN metastasis have been developed

Glossary

Sensitivity: a sensitivity of 100% means that a test can diagnose disease in all
patients with disease. If a test has a high sensitivity, a negative result means
that the probability of having the disease is low. However, obtaining a positive
test does not necessarily confirm the presence of the disease.

Specificity: a specificity of 100% means that a test can identify a particular
disease. A diagnostic test having high specificity is useful for confirming the
presence of the disease.

Positive predictive value (PPV): the PPV is the proportion of patients with
positive test results that are correctly diagnosed (low number of false positive
results). It is the most important measure of a diagnostic method because it
reflects the probability that a positive test means that a patient has the disease.
Negative predictive value (NPV): the NPV is the proportion of patients with
negative test results who do not have the disease. This means that a test with a
high NPV has a low number of false-negative results.
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Box 1. Risk categories in prostate cancer

Clinical staging of a patient with prostate cancer relies on three
parameters: (i) biopsy results; (ii) digital rectal examination; and (iii)
level of serum PSA at diagnosis. Biopsy results reveal the
histological differentiation of a prostate cancer using the classifica-
tion of Gleason. The Gleason grade indicates the glandular
differentiation patterns of the prostate carcinoma and a grade from
1to 5 is given, 5 being a poorly differentiated cancer. By reporting
the two most prevalent Gleason patterns in a biopsy and by adding
them, a sum is generated. For example, the addition a Gleason
pattern 4 (main pattern) and a Gleason pattern 3 (secondary pattern)
in a biopsy core will give a Gleason sum of 4 + 3 = 7 for that core.
Prostate cancers with higher Gleason score will have a more
aggressive behaviour.

Digital rectal exam (DRE) enables the clinician to estimate the
volume of the tumor and to ascertain if it is confined to the prostate. A
clinical stage (cTNM) is then given based on this evaluation using the
clinical tumor-node-metastasis system for prostate cancer. For
example, if the tumor is not palpable, it is a T1 clinical stage; if the
tumor is palpable but confined to the prostate, it is a T2 clinical stage;
if the tumor is felt to be outside of the prostate capsule or to invade the
seminal vesicles, it is staged as a T3, and if it invades anatomic
structures surrounding the prostate, it is staged as a T4. DRE is not a
precise evaluation tool because it is very subjective.

PSA is a protease that is secreted by prostate epithelial cells but it is
not specific to prostate cancer. However, the serum levels of PSA
increase with the risk to discover prostate cancer at biopsy. Moreover,
once prostate cancer is diagnosed, PSA level is an indicator of the
tumor volume and pathological stage at prostatectomy.

D’Amico and colleagues have used clinical parameters to define
risk categories of dying of prostate cancer. These categories help the
clinician to decide which treatment to recommend to patients [62].
Low-risk category prostate cancers are those with all of the
following criteria: (i) a Gleason sum <7; (ii) a clinical stage of T1
or T2a (only half of one lobe invaded by tumor at DRE); and (iii) a
serum PSA level <10 ng/mL. Intermediary risk categories must have
one of these criteria: (i) Gleason sum of 7; (ii) clinical stage T2b
(more than a half of one lobe invaded at DRE but not two lobes); and
(iii) a PSA level between 10 and 20 ng/mL (excluded). Prostate
cancers in the high-risk category include cancers that have any of
these features: (i) a Gleason sum >7; (ii) a clinical stage of cT2c (two
lobes invaded at DRE), T3 or T4; or (iii) a PSA level >20 ng/mL.

but, still, their accuracy is ~80%, which could be improved
by combining these models with molecular imaging [3].
Finally, the precise location of nodes cannot be determined
through use of predictive clinical tools, hence molecular
imaging techniques that identify LN metastasis would be
strongly advantageous.

Guiding urologic surgeons to LN metastasis

The role of lymphadenectomy (i.e. LN dissection) in the
treatment of prostate cancer is currently a debate in
urologic oncology and its curative role goes beyond the
scope of this review. However, there is evidence in the
literature suggesting that long-term survival can be
achieved even in the presence of LN metastatic disease.
Bader and colleagues have demonstrated that prostate-
specific antigen (PSA)-free survival (i.e. no biochemical
recurrence) after radical prostatectomy (RP) and lympha-
denectomy was possible even in the presence of LN metas-
tasis [4]. In their series, 39% of their patients with a single
positive node were free of PSA recurrence without adju-
vant treatment, showing that prostatectomy and lympha-
denectomy might have a curative role. In another study,
Daneshmand and colleagues have shown that long-term
recurrence-free survival was possible ten years after RP
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and LN dissection in patients with positive LN pathology
[5]. 65% of patients were free of clinical recurrence at 10
years despite the fact that only 31% of patients received
adjuvant hormonal therapy, again suggesting that surgery
was curative. Interestingly, the authors have shown that
recurrence-free survival was strongly associated with
density of positive LNs resected (number of positive LN/
total LN resected). Others studies have examined cancer-
specific survival after RP and LN dissection in patients
with positive nodes and have shown that long-term cancer-
specific survival ranged between 62% and 84%. The
patients with fewer than two involved LNs by pathological
assessment had the best chances of survival [1]. Taken
together, these results show that long-term recurrence-free
and disease-specific survival can be achieved after surgery
when LN metastasis is present, but the best chances of
survival for the patients are when LNs are resected early in
the disease. Moreover, the difference in survival between
single and multiple node metastasis prostate cancer could
potentially be explained by the presence of LN disease
which has escaped the lymphadenectomy surgery. There-
fore, we believe that these data justify the need to develop
more sensitive and specific molecular imaging technologies
to improve detection of LN metastasis and to guide sur-
geons during lymphadenectomy.

Classical imaging techniques to assess LN status
Cross-sectional imaging of the LNs has been widely used in
clinical practice. Two technologies commonly used are
computerized tomodensitometry (CT-scan) and magnetic
resonance imaging (MRI). However, the ability of these
techniques to distinguish between benign and malignant
LNs is mainly based on the size of the node. The 1 cm size
has been classically reported as the lower size limit to
distinguish a benign from a malignant LN [6]. Other
secondary anatomical signs of benign nodes include a fatty
LN hilum, regular contours and homogenous signals [7,8].
In prostate cancer, the sensitivity (see Glossary) of CT-scan
and MRI to detect LN metastasis is ~40% and the speci-
ficity is 80% [6]. Moreover, other inflammatory processes
can mimick metastasis even in the presence of a clearly
diagnosed primary tumor. Indeed, despite helping the
clinician to detect gross LN metastasis, the actual sensi-
tivity and specificity of cross-sectional imaging is low,
justifying the development of new imaging tools.

Advances in molecular imaging techniques

Molecular imaging involves the use of molecules to image
tumor-cell-specific characteristics. The molecules can be an
antibody bearing a radioactive label that recognizes a
tumor-specific antigen, a virus that expresses a reporter
gene in a tumor-specific manner, a molecule that is metab-
olized in proliferating cells or a molecule that indirectly
shows microanatomic disruption of a normal LN by a
metastasis. These approaches all aim to image LN metas-
tasis before it has enlarged a node and to distinguish the
presence of tumor cells from inflammation. Multiple
approaches have been studied to image pathophysiological
processes in vivo. In the next sections, for clarity purposes,
we describe only those that have been studied for imaging
LN metastasis in prostate cancers. This will enable the
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Figure 1. MRL. MRL uses the ability of macrophages to phagocytose iron-oxide particles. (a) Before iron oxide particle infusion, the LN has high signal intensity and is
regular in shape. (b) When macrophages that contain iron particles migrate to LNs, the LN has low signal intensity, as indicated by the asterisk. However, when there is a
micrometastasis, the macrophages cannot distribute evenly through the LN and some areas of the LN have a high signal intensity. Compare areas of metastasis (arrows)
with black portion of the node (asterisk) in (b). Figure adapted, with permission, from Ref. [6].

reader to compare the accuracy of different imaging mod-
alities.

Clinically tested technologies

MRI lymphoangiography

Nanoparticle-enhanced MRI lymphoangiography (MRL)
was recently developed and assessed for sensitivity and
specificity in the detection of nodal metastases. Iron-oxide
contrast agents (Combidex or Sinerem) are injected intra-
venously and are selectively taken up by macrophages that
ultimately traffic through the lymphatics to LNs. On MRI
T2 weighted images’, macrophages containing iron
particles are hypointense and, therefore, the node seems
black (Figure 1). Tumor infiltration of a LN prevents
macrophages from spreading uniformly throughout the
LN, and LN metastasis seems to be a hyperintense signal
in the LN (Figure 1). Because this approach is based on
anatomical disruption of the LN by the metastasis, it
increases the sensitivity and specificity of MRI for the
diagnosis of LN metastasis by defining the microanatomy
of the LN. In a prospective study, Harisinghani and col-
leagues evaluated the sensitivity and specificity of MRL in
detecting prostate cancer LN metastasis. All patients
underwent histological confirmation of LN status when
this was positive for metastasis by MRL [9]. The sensitivity
and specificity for LN metastasis on a per-patient basis
were 90.5% and 97.8%, respectively. However, detection of
smaller LN lesions was difficult because only 40% of LN
metastasis <5 mm could be detected by MRL. In another
prospective multicentric study, Heesakkers and colleagues
evaluated the precision of MRL in intermediate to high risk
clinically localized prostate cancers [6]. All patients had a
radical prostatectomy with limited LN dissection within
eight weeks of MRL. LN metastasis was found in 16% of
patients at pathology. MRL had a positive predictive value
(PPV) of 69% and an excellent negative predictive value
(NPV) 0f 96%, showing a good ability to exclude metastatic

“ MRI images can be analysed in different phases. The main ones are T1 and T2.
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node disease in this population. MRL could also detect LN
metastasis outside of the pelvic LN dissection field in 24—
30% of patients and, therefore, could guide surgeons to
unexpected positive LNs [6,10]. Thus, these two studies
have demonstrated that MRL is an accurate imaging
technique that can detect LN disease. However, this tech-
nique is new and not available widely for clinical use.
Moreover, it relies only on the disturbance of LN anatomy
and not on cancer-specific gene expression, which limits its
use for LN metastasis.

Positron emission tomography

Positron emission tomography (PET) is a nuclear imaging
technology based on the ability of a PET scanner consisting
of a ring of high-energy photon detectors to detect gamma
photons emitted by an isotope (11C, 18F, 50 or '*N), which
is chemically integrated in a molecule metabolized predo-
minantly in pathlogical tissues [11]. In oncology, the
increased metabolism of glucose in tumor cells has enabled
PET scans to identify tumor tissues by using the radio-
active glucose metabolism marker *F-fluorine-deoxyglu-
cose (1°F-FDG). When PET is combined with a CT scan
(PET-CT), the fused image can enable the physician to
associate increased metabolism with its anatomical
location (Figure 2).

The application of PET or PET-CT to image LNs has
been studied thoroughly in many cancers, including pros-
tate cancers [12-22]. The advantage of PET over CT or MRI
is its ability to detect increased metabolism of tumors cells
in a structurally normal node before tumor cells enlarge
this node. In a prospective study, Antoch and colleagues
studied the ability of PET-CT to accurately correlate with
tumor-node-metastasis (TNM) staging at pathology on 98
patients with different cancer histological types (.e.
mainly non-prostate) and showed that PET-CT was an
accurate imaging tool to assess LN invasion status [23].

The ability of *F-FDG-PET-CT to detect prostate can-
cers is hampered by the tracer being excreted mostly in the
urine, which renders genitourinary organs difficult to im-
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Figure 2. PET-CT. "'C-choline positron emission tomography of a patient with
prostate cancer LN metastasis. (a) A positive signal is localized in the pelvis (white
arrow). (b) A positive signal is located within a LN, increasing the specificity of the
signal. Note the non-specific signals from the gut above the LN (red arrow).
Therefore, CT enables the correlation of an anatomic structure like a LN or the gut to
an ""C—choline positive signal. Image reproduced, with permission, from Ref. [6].

age owing to the presence of a high non-specific background
from urine. Moreover, prostate cancers have a low meta-
bolic activity and poor glucose uptake relative to other
cancers [24]. Indeed, in primary tumors, the sensitivity of
8P_FDG-PET for localized prostate cancer was only 4% in
one study [25]. However, ®F-FDG was shown to better
image high-grade prostate cancers (Box 1), which are prone
to metastasize to LNs [26], and three studies have shown
that '®*F-FDG-PET had a sensitivity of only 0-50% for LN
metastasis [27-29].

Other molecules specifically metabolized in tumor cells
have been tested to evaluate LN status by PET-CT. Cho-
line is a molecule that is metabolized into phosphorylcho-
line and is incorporated into cellular membranes [24]. It
can be labeled with two positron-emitting atoms: *F and
1. 1O choline sensitivity for LN metastasis in prostate
cancer has been studied in the context of PSA recurrence
after a prostatectomy (Figure 2). When PSA increases in
the serum after a prostatectomy, the increase might be due
to tumor cells in the surgical site, LNs or distant metas-
tases. Scattoni and colleagues have studied the sensitivity,
specificity, PPV and NPV of 'C-choline to identify LN
metastasis in patients with PSA recurrence (median PSA =
1.98 ng/ml) and negative biopsy in the surgical site to
exclude local recurrence [30]. All patients had a 1*C-choline
PET-CT followed by pelvic lymphadenectomy and a patho-
logical analysis of LNs. 30% of these patients had positive
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LN at final pathology and 42% of LN metastases were
<1 cm. 'C—choline PET-CT had a sensitivity, specificity,
PPV and NPV of 64, 90, 86 and 72% for node metastasis
when analysed node by node after resection. However,
when the data were analysed patient by patient, the
PET-CT could detect metastasis with a sensitivity of
90% (19/21 N* status) and a negative predictive value of
100%. These excellent results for '*C-choline to detect LN
metastasis were supported by another study in which
sensitivity and specificity of 'C-choline was 80% and
96% [31]. However, one limitation with the use of !C-
choline as a tracer is its short half-life, which requires a
cyclotron to be close to the hospital. To avoid this limita-
tion, ®F-choline PET-CT has been used to image positive
prostate cancer LNs but because no systematic histological
confirmation of postulated metastases was performed in
these studies, the accuracy of ®F-choline detection is
unknown [32,33].

Other tracers such as 'C-acetate or ®F-acetate reflect
another aspect of lipid metabolism, which is increased in
tumor cells. 'C-acetate has been shown to be better than
BR_FDG to visualize possible LN metastasis and has a
putative sensitivity of 75% [34]. Other studies using 'C-
acetate have also reported putative positive LNs for pros-
tate cancer [35-38]. However, no details regarding node
size or histological proof of metastasis were systematically
provided in these studies, rendering the interpretation of
the data difficult [39]. Anti-1-amino-3-'®F-fluorocyclobu-
tane-1-carboxylic acid (anti-'*F-FACBC) is a synthetic L-
leucine analog that is taken up via the sodium-indepen-
dent large neutral amino acid transport system (LAT).In a
heterogeneous population of patients with prostate can-
cers, anti-'*F-FACBC was shown to be a good tracer to
detect prostate cancer LN metastasis. Pelvic nodal status
correlated with anti-'®F-FACBC findings in seven of nine
patients and was indeterminate in two of nine [40]. Other
positron-emitting molecules such as 16p3-(18)F-fluoro-5a-
dihydrotestosterone (**F-FDHT) and 'C-methionine are
in development and could potentially be used to detect LN
metastasis [41,42].

Taking these data together, PET-CT is certainly the
most clinically advanced imaging technology enabling cor-
relation of LN size and tracer-specific signaling, which
reflects tumor-specific metabolism or gene expression.
Moreover, its accuracy can be constantly improved with
the design of new tracers. However, the ability of PET-CT
to diagnose LN micrometastasis accurately is uncertain.

Antibody detection of LN metastasis

Besides having an increased metabolism, tumor cells also
express tumor-specific antigens. By directing a radio-
active-labeled antibody against one tumor-specific anti-
gen, it can be possible to detect tumor cells by planar
single-photon emission computed tomographic (SPECT)
imaging. It is the principle behind Capromab Pendetide
imaging of prostate cancer cells [43]. 111-Indium-Capro-
mab Pendetide (7E11 or ProstaScint) is a radioactively-
labeled monoclonal antibody that is directed against
the intracellular portion of the prostate-specific mem-
brane antigen (PSMA or glutamate carboxypeptidase 2)
protein, a transmembrane peptidase. In a prospective,

257



randomized, controlled trial, Polascik and colleagues ana-
lysed the precision of 111-Indium-Capromab Pendetide to
detect LN metastasis [44]. Patients selected for this study
had >20% chance of LN metastasis, as assessed by clinical
predictive tables based on clinical tumor stage, pre-oper-
ative PSA and Gleason score at biopsy (Box 1). All patients
underwent pelvic LN dissection after planar single photon
emission computed tomographic (SPECT) imaging was
performed. Capromab Pendetide detected pathological
LNsin 62% of patients. Globally, the Capromab Pendetide
imaging had a sensitivity of 67%, a specificity of 80%, a
PPV of 75% and an NPV of 73%. When compared with the
clinical algorithm, Capromab Pendetide was more precise
in predicting LN metastasis with an Area Under the Curve
(AUC) by Receiver Operator Curve (ROC) analysis of 0.71
compared with 0.52-0.61 for clinical algorithms. More-
over, when combined with clinical algorithms, Capromab
Pendetide could predict LN metastasis with an AUC of
0.77. However, this study was limited by an average PSA
of 57 ng/ml, which is too high to translate the precision of
this molecular tool in clinical practice where most
patients at prostate cancer diagnosis have PSA levels of
<10 ng/ml. Moreover, the specificity of Prostascint to
detect prostate cancer is not perfect (as for many molecules
presented earlier) because PSMA has also been reported
to be positive in melanoma, renal cell carcinoma,
myelolipoma and lymphoma [45]. One problem with
the Capromab antibody is that it targets the intracellular
domain of PSMA and cell membrane disruption by
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necrosis is necessary for binding of the antibody. Recently,
an antibody targeting the extracellular portion of PSMA
has been developed: the J591 (MLN591) antibody [46].Ina
single study, J591 antibody labeled with 111-Indium was
administered to prostate cancer patients and imaged with
a SPECT camera [47]. Five soft tissue lesions were
detected by either CT-scan or SPECT. Of these, three
lesions were suspected to be LN metastasis on SPECT;
however, none was confirmed after six months of follow-
up. Hence, the potential of the J591 antibody to image LN
metastasis needs further investigation.

Clinical trials have shown that radioactively labelled
antibodies can be used for molecular imaging. However,
their use has been limited in LN imaging owing to pro-
blems with specificity and the inability to detect cancer
cells at a threshold that would change clinical manage-
ment. New generations of antibodies such as minibodies
might solve this problem [48].

Pre-clinical small animal imaging technologies

Current clinical molecular tools to detect LN metastasis in
prostate cancer are based on the ability of tumor cells to
disrupt the normal anatomy of a node (e.g. using MRL or
CT-scan), express a specific antigen at levels high enough
to be detected by an antibody (e.g. using Prostascint) or by
their ability to differentially metabolize a tracer when
compared with a LN without cancerous cells (e.g. using
PET scan). Therefore, the detection of LN metastasis by
molecular imaging is dependent on a specific tumor burden

(a) (i) Grow primary
tumors

Primary
tumor

Kidney

(b)

(c)

(i) Resect primary

(iif) Lymph node
metastasis (day 21)

LN mets

Primary
tumor
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Figure 3. Monitoring prostate cancer LN metastasis using 'FLT PET-CT imaging. (a,b) LAPC9 prostate tumor cells were grown as xenografts and imaged with PET-CT after
intravenous injection of mice with the radioactive tracer 8FLT. "8FLT is phosphorylated by endogenous thymidine kinase and this reflects cell proliferation. When tumors
were resected and mice were imaged again, no signal was detected. 21 days after tumor resection, the mice were imaged again and showed local recurrence and LN
metastasis. (a) Coronal view. (b) Sagittal view. (¢) The discrepancy in size of LN between LN metastasis and normal nodes illustrates the low sensitivity of FLT PET-scan

imaging. Image adapted, with permission, from Ref. [49].
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or cancer cell gene expression high enough to discriminate
from background levels.

To sharpen the molecular imaging tools to achieve
specific detection of metastasis, it is crucial to refine clini-
cally applicable imaging modalities in relevant pre-clinical
tumor metastasis models. As noted in many clinical stu-
dies, PET and PET-CT are particularly amenable for
reporting molecular information in vivo. Hence, in asses-
sing the ability of PET-CT to detect prostate cancer LN
metastasis, the F18-fluoro-L-thymidine (FLT) tracer was
used to monitor cellular proliferation in a preclinical treat-
ment model [49] (Figure 3). Although the regrowth of
primary tumor after resection and the dissemination in
the LN can be clearly visualized in the PET-CT scans, the
sensitivity of this FL'T metabolic tracer for prostate cancer
is low in this pre-clinical setting, reflecting similar results
with FDG-PET in the clinical scenarios of prostate cancer
noted previously. Hence, to increase the accuracy of mol-
ecular imaging techniques, we have developed methods to
amplify a detectable signal, to specifically deliver the
imaging reporter gene expressed under a tumor-specific
promoter and to better differentiate non-specific benign
signals from tumor-specific signals. In the past ten years,
our laboratory has developed molecular tools to increase
accuracy of imaging, including the two-step transcriptional
amplification (TSTA) system, which is discussed later and
which has been reviewed in Ref. [50].

Increasing the sensitivity and specificity of molecular
imaging

As mentioned earlier, most imaging techniques are based
on the expression of an endogenous protein that is
restricted to the cancer of interest. The imaging agent is
a molecule that specifically interacts with the endogenous
protein. For instance, agents developed based on this
strategy to detect prostate cancer include the antibody
against PSMA and the compound F18-DHT described
earlier. A second strategy to achieve a distinct imaging
signal based on the molecular signature of the cancerous
tissue is to use cell-specific transcription to control the
expression of exogenous imaging reporter genes. For
example, the expression of the prostate-specific antigen
(PSA) gene is known to be active in prostate cancer cells
but it is inactive in non-prostate cells such as those con-
stituting normal LNs [49]. To increase the specificity and
potency of the PSA promoter, our group has created a
chimeric PSA promoter (designated as PSE-BC) that
shows 20-fold increased activity over the native PSA pro-
moter in prostate tumor cells while maintaining its andro-
gen responsiveness [51] and its specificity to detect
systemic metastases [52]. Despite having stronger activity
than the PSA promoter, the PSE-BC promoter still only
exhibited approximately 5% of the activity of the strong
constitutive cytomegalovirus (CMV) promoter, which lim-
ited its use for in vivo imaging [53]. To further increase the
potency of the PSA promoter to express sufficient levels of
an imaging reporter gene or a therapeutic gene, a TSTA
was created [53] (Figure 4a). This system is based on the
ability of the Gal4VP16 protein to strongly activate tran-
scription through the VP16 transactivation domain while
directing the transcriptional activity to a specific reporter
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Figure 4. Schematic description of molecular systems used to increase the
sensitivity and specificity of molecular imaging. (a) The PSA-TSTA reporter
system. The PSA promoter is a promoter that is transcriptionally active specifically
in prostate cells. A PSA-modified chimeric promoter (‘PSE-BC’) can regulate the
expression of the transcription factor Gal4VP16 only in cells that can activate the
PSA promoter. Gal4VP16 is therefore expressed only in cells that can activate the
PSE-BC promoter. When Gal4VP16 is expressed, it binds to Gal4 DNA-binding sites
in the same adenovirus genome through the Gal4 DNA-binding domain. By
placing the Gal4 DNA-binding sites upstream of a reporter gene (encoding the
thymidine kinase sr39tk), the VP16 transactivation domain then strongly amplifies
the original PSE-BC signal. (b) /n vivo imaging of prostate cancer cells by the PSA-
TSTA-sr39tk adenovirus system by PET-CT. When the PSA-TSTA reporter system
is integrated into an adenovirus genome, it can be delivered to different cell types
(mouse and human cells have been studied) according to the infection capabilities
of the adenovirus. This system has been incorporated into adenovirus type 5 using
the HSV1-sr39tk enzyme as a reporter gene. HSV1-sr39tk can phosphorylate the
radioactive tracer '®F-FHBG and its specific expression can be detected by PET-CT.
The PSA-TSTA-sr39tk adenovirus was injected into LAPC9 tumor cells and imaged
by PET-CT [56].

through the Gal4 DNA-binding domain (Gal4DBD). When
Gal4-responsive elements (Gal4RE) are placed in a pro-
moter upstream of a reporter gene that can be detected by
imaging, Gal4VP16 binds to Gal4RE to strongly transac-
tivate the promoter. The specificity of the TSTA system for
tumor cells is obtained by placing the Gal4VP16 expression
under the PSE-BC. This PSA-TSTA system has been
incorporated into a replication-deficient type 5 adenovirus
genome to enable transduction into mammalian cells and
testing of transcriptional-targeted gene imaging and gene
therapy in living animals (see later).
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Delivery systems to LNs

Adenoviruses are DNA viruses that can be isolated from
many species including humans. Among the >30 serotypes
of human adenovirus, serotype 5 is one of the most common
and is efficient at infecting many cell types, including
cancerous cells. Using recombinant DNA technology, it
is now straightforward to create recombinant adenovirus
as a gene-delivery vector expressing a therapeutic gene for
studies aimed at treating the transfected cancer cells. As
noted earlier, two strategies to refine such gene therapy
approaches have been undertaken for targeting prostate
cancer. First, the PSA-TSTA promoter was incorporated
into adenovirus expressing the gene(s) of interest (Ad—
PSA-TSTA). Second, an imaging reporter gene was incorp-
orated into the prostate-specific adenoviral vector. This
enables molecular imaging technology to monitor the gene
therapy process in the treated subjects. Adenovirus pos-
sesses properties that make it a favorable vector to deliver
genes into nodal metastasis — it has a diameter of ~100
nanometers and is negatively charged. These character-
istics help its uptake into and migration through the
lymphatic vessels and to the nodes. Once in the node,
the PSA-TSTA adenovirus can infect prostate tumor cells
present there and activate the prostate-restricted expres-
sion of an imaging reporter gene, which enables the detec-
tion of LN metastases. Using this method, adenovirus was
shown to efficiently image LN metastasis in a mouse model
[49]. By implanting a LAPC9 prostate tumor xenograft,
expressing high levels of pro-lymphangiogenic growth fac-
tor VEGF-C in mice, LN metastasis to brachial and axil-
lary nodes was induced. To interrogate these axillary LNs,
an adenovirus that expresses an imaging reporter gene
under the control of the prostate specific PSA-TSTA sys-
tem was injected into mouse forepaws. This enabled ima-
ging of prostate cancer LN metastasis by both
bioluminescence imaging and PET-CT scan [49]. There-
fore, by using an amplification system, the issue of low
transcriptional activity of most tumor-specific promoters
can be overcome to enable imaging of cancer cells in vivo.
Furthermore, imaging of tumor cells is possible even if the
reporter gene is not delivered to every cancer cell.

Molecular reporter genes

Once a delivery system, a specific promoter and an ampli-
fication system are developed, it is important to use a
reporter gene that is suitable for imaging the metastasis
in humans. The ideal reporter gene characteristics have
been described recently by Min and Gambhir [54]. The
gene has to be specific, non-immunogenic and non-toxic for
normal cells and its expression should be detected by a
probe that is specific for the expression of the reporter, not
toxic and that can reach the tissue of interest. The different
reporter genes that are available have been reviewed
[54,55]. One of these promising reporters is the modified
form of the herpes simplex type 1 thymidine kinase gene
(HSV1-tk): HSV1-sr39tk. The protein sr39tk is a mutated
form of the HSV-tk gene that can phosphorylate more than
ten different substrates including '*F-FHBG. When ®F-
FHBG is phosphorylated by sr39tk protein, the product is
trapped in the cells and can be detected by PET-CT
through its ®F positron-emitting isotope. Moreover,
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Figure 5. In vivo pathology. In vivo pathology is the concept of combining
molecular and non-molecular imaging tools to ascertain a pathological diagnosis
based solely on imaging rather than invasive procedures such as biopsies. By
using the combination of a specific promoter (modified chimeric PSA promoter
[PSE-BC]), an amplification system (TSTA system), a reporter (gene encoding the
thymidine kinase sr39tk), a tracer ("®F-FHBG), a gene-delivery system to the nodes
(adenovirus type 5) and an anatomic location of the signal (PET-CT), prostate
cancer cells were imaged in LNs with high sensitivity and specificity. This is an
example of the concept of in vivo pathology, which could be applied to any type of
cancer for which there is a tumor-specific gene that is transcriptionally
overexpressed in cancer cells and not in expressed in normal nodes.

HSV1-sr39tk can also be cytotoxic to cells in which it is
expressed when cells are exposed to pharmacological doses
of the pro-drug gancyclovir. Indeed, using adenovirus
expressing sr39tk, it has been possible to image and treat
prostate cancer cells in vivo [56] (Figures 4b and 5). More-
over, by using an adenovirus expressing sr39tk, prostate
cancer LN metastasis has been detected in vivo [49]
(Figure 5).

Molecular imaging of LN metastasis using adenoviruses
is still early in its development. Therefore, this technology
might encounter the same problems that have previously
arisen using adenovirus-mediated gene therapy
approaches, such as incomplete gene delivery and the host
immune reaction against infection. In fact, we have
reported that only 0.1% of adenoviruses are delivered to
the lymph nodes after paw injection. Therefore, it will be
important to compare the sensitivity of this technology
with the current tracers that can be imaged by PET-CT.
However, amplification systems such as the TSTA system
might overcome gene delivery problems owing to their
abilities to lower the number of cells needed to be infected
to reach the PET-CT detection threshold.

The concept of in vivo pathology

Diagnosis of tumors and/or metastases has classically been
based on tissue extraction by biopsy or surgery followed by
a histologic analysis by a pathologist. When tumor
histology does not provide a differential diagnosis, the



Review

pathologist has to make the diagnosis based on tissue-
specific protein expression, usually by immunohistochem-
istry. Indeed, the final diagnosis is made after the pathol-
ogist considers the location of the biopsy, the proteins
expressed in the tissue and the previous pathology and
clinical information of the patient to confirm the tissue of
origin for a metastasis. Therefore, in the context of a
metastasis, the diagnosis is based mainly on tumor-specific
gene expression. By using a PSA-TSTA-sr39tk adenovirus
and ®F-FHBG PET-CT, it is possible to image cells that
are transcriptionally active via the PSA promoter in the
draining or sentinel LN in vivo. In the context of a diag-
nosed primary prostate cancer after prostate biopsy, a
PSA-promoter-dependent positive signal in an ectopic site
such as the LN would be highly indicative of the presence of
prostate cancer cells at that site. By combining the
advances made in: (i) gene delivery using adenovirus; (ii)
specificity of the promoter by chimeric construction; (iii)
the sensitivity of molecular imaging using amplification
systems; and (iv) the ability to correlate a positive signal by
PET to an anatomic structure such as a node, we propose
that the direct visualization of in vivo pathology is now
possible (Figure 5). This technology could be applied to
other cancer types because specific histological markers (or
combinations) are known for many cancers. By changing
the cell- or tumor-specific promoter controlling the TSTA-
reporter system, it is theoretically possible to image in vivo
pathology without biopsy for any type of cancer for which a
specific transcriptionally regulated gene is known. Besides
prostate cancer, the feasibility for wider application of this
direct method for visualization of tumor lesions in vivo has
been demonstrated in breast cancer models using the
promoter for the gene encoding mucin 1 and in colon cancer
using the promoter for the gene encoding survivin [57,58].

Another useful application of an in vivo pathology
approach is to interrogate the real-time activity of an
oncogenic pathway in each patient’s tumor or metastasis
to provide a tumor-specific therapy. For instance, the
androgen receptor (AR) has a crucial role in prostate
oncogenesis and cancer progression and regulates the
expression of PSA. Exploiting the tight AR regulation of
PSA transcription, it has been possible to employ the Ad-
PSA-TSTA system to image the transcriptional activity of
the androgen receptor in growing tumors in mice [59].
Indeed, PET and bioluminescence signals produced by
Ad-PSA-TSTA were able to reflect the functional status
of the endogenous androgen receptor and the emergence of
an androgen-independent state or the response to andro-
gen-deprivation therapy in vivo [60,61]. However, this
model would have limited clinical application for prostate
cancer because the levels of serum PSA can also indicate
the response to therapy in prostate cancer. Because there
is not a serum marker for every cancer and the real-time
readout of functional activity at the pathological site (i.e.
the visualization of in vivo pathology) could guide clini-
cians to the most appropriate treatment according to the
response in each patient’s cancer.

Concluding remarks
The challenge of molecular imaging is now to increase the
accuracy of current clinical imaging techniques. The ability
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to image a tumor is a major step but the importance of new
imaging technologies will be judged on their ability to
modify and improve the management of cancers. Improve-
ments can be provided by their ability to detect LN or
systemic metastasis earlier in the course of the disease, to
predict response to treatments earlier or to detect recur-
rence when a recurrence-directed treatment is still
possible. Presently, management in oncology is based
mainly on a pathology report and the gross anatomical
staging using a CT-scan, a bone scan and/or an MRI. By
increasing the detection accuracy of tumor cells by mol-
ecular imaging, it is possible to increase the accuracy of
clinical algorithms and better personalize treatments for
each patient, limiting the uncertainties of current algor-
ithms. Prospective studies designed to enable imaging and
histopathological correlations and, more importantly, to
evaluate the impact of imaging on disease-specific and
overall survival are needed.
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