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Abstract
Molecular imaging aims to assess non-invasively disease-specific biological and molecular processes
in animal models and humans in vivo. Apart from precise anatomical localisation and quantification,
the most intriguing advantage of such imaging is the opportunity it provides to investigate the time
course (dynamics) of disease-specific molecular events in the intact organism. Further, molecular
imaging can be used to address basic scientific questions, e.g. transcriptional regulation, signal
transduction or protein/protein interaction, and will be essential in developing treatment strategies
based on gene therapy. Most importantly, molecular imaging is a key technology in translational
research, helping to develop experimental protocols which may later be applied to human patients.
Over the past 20 years, imaging based on positron emission tomography (PET) and magnetic
resonance imaging (MRI) has been employed for the assessment and “phenotyping” of various
neurological diseases, including cerebral ischaemia, neurodegeneration and brain gliomas. While in
the past neuro-anatomical studies had to be performed post mortem, molecular imaging has ushered
in the era of in vivo functional neuro-anatomy by allowing neuroscience to image structure, function,
metabolism and molecular processes of the central nervous system in vivo in both health and disease.
Recently, PET and MRI have been successfully utilised together in the non-invasive assessment of
gene transfer and gene therapy in humans. To assess the efficiency of gene transfer, the same markers
are being used in animals and humans, and have been applied for phenotyping human disease. Here,
we review the imaging hallmarks of focal and disseminated neurological diseases, such as cerebral
ischaemia, neurodegeneration and glioblastoma multiforme, as well as the attempts to translate gene
therapy’s experimental knowledge into clinical applications and the way in which this process is
being promoted through the use of novel imaging approaches.
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Introduction
Over the past decade the clinical neurosciences have increasingly demanded improvements in
imaging technologies employed in the diagnostic work-up of neurological disease. These
imaging technologies comprise static and functional methods such as cranial computed
tomography (CT), magnetic resonance imaging (MRI), spectroscopy (MRS) and angiography
(MRA), positron emission tomography (PET), single-photon emission computed tomography
(SPECT), ultrasound and invasive angiography.

The first parameter of interest is the precision of imaging of the anatomical location of the
lesion causing the symptoms identified as topographical neurological deficits. Due to its high
spatial resolution and the possibility of weighting for various tissue components, MRI is the
method of choice for localisation of tissue changes at high spatial resolution. Initially, however,
it provides only a static anatomical image. Due to its high sensitivity for detection of small
amounts of radioactivity emitted by compounds of known chemistry, in addition to the
possibility of quantification, PET is being used to characterise disease-specific changes on the
basis of altered enzyme activity, changes in the levels of neurotransmitter receptors or even
the dynamics of neurotransmitter function. Based on new developments in contrast agents and
radiotracers, MRI and PET are being used and further developed for the non-invasive
localisation and quantification of gene expression, protein function and profiling of signal
transduction pathways in vivo to achieve further insights into the molecular pathophysiology
of human diseases and to facilitate the design and implementation of improved therapies,
including gene therapy.

The general concept is the establishment of protocols of imaging-guided classification and
characterisation of both disease stage and potential therapies. Imaging is being used for the
non-invasive characterisation of disease-specific changes, and the resultant disease-specific
imaging parameters are then later used as read-outs for the efficiency of individual therapies
[1]. It should be pointed out that it is the set of different imaging technologies (e.g. MRI and
PET) and their dynamic parameters (e.g. MRI with and without contrast enhancement,
diffusion and perfusion weighting; PET employing various radiotracers) that enable accurate,
repetitive, non-invasive disease phenotyping [2–6] and the measurement of therapeutic
outcomes.

During the past decade, the molecular and genetic causes underlying many neurological
diseases have been characterised. Knowledge of the underlying genetic and molecular defects
and understanding of related pathophysiological changes are essential to develop novel gene
therapeutic approaches intended to offer molecular interventions targeting the disease-causing
molecular defects. Gene therapy of neurological diseases aims, for example, to prevent
neuronal cell death caused by cerebral ischaemia or neurodegeneration, to restore the function
of pathologically altered afferent pathways involved in pain, or even to selectively kill
proliferating and migrating glioma and tumour cells [7–20].

As experimental tools, gene therapy vectors are being increasingly used to generate animal
models for human disease, through adult transgenesis that does not require the genetic
manipulation of the germline [21,22]. Neurodegenerative gene therapy aims either to restore
enzyme protein levels, the lack of which leads to inflammation and brain cell death, or to deliver
specific neurotrophic factors to dying nigrostriatal neurons in Parkinson’s disease, or to target
anti-apoptotic genes to neurons potentially affected by ischaemia. All these approaches are
based on overexpression of individual proteins in the brain. Until recently, reducing or
eliminating the expression of genes causing brain cell death, e.g. huntingtin in dominant
Huntington’s disease, has been erratic and not very efficient. More recent use of siRNA
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technology has allowed predictable knocking down of dominant, disease-causing genes by
specific mRNA silencing [7,11,23–25].

Brain tumour gene therapy relies on (i) the introduction of replicating viruses that will
selectively and specifically replicate within brain tumours (oncolytic virus therapy), (ii) the
transduction of genes expressing pro-drug activating enzymes to selectively kill brain tumour
cells following the administration of a precursor that can only be converted into cytotoxic
intermediates within transduced tumour cells, (iii) immuno-modulating molecules to stimulate
the systemic anti-tumour immune response, or even (iv) pro-apoptotic proteins or anti-
angiogenic proteins to inhibit brain tumour vessel formation [8,17,26–33]. Various viral and
non-viral vectors have been developed and applied in rodent and non-human primate models
of disease. So far, only selected vectors have been successfully used in clinical applications
[30,33–36]. In the clinical application of biologically active agents such as vectors, various
issues have to be taken into account, such as efficiency of gene delivery, vector toxicity,
stability of transgene expression and choice of promoter, as well as dose, time and route of
vector application. It has been shown that gene therapy vectors which can be imaged non-
invasively in vivo will greatly enhance the understanding and future development of clinical
gene therapy protocols [1].

In general, vectors comprise a capsid or envelope facilitating entry into the cell and the genetic
material, which, at least for viral vectors, is delivered directly through the cytoplasm into the
cell nucleus. The composition of the capsid or the envelope determines which cells are infected
best. By modification of the surface, the virion can be targeted to certain cell types. In the cell
nucleus, the genetic material which is carried by the vector is either integrated into the host
genome, as for retrovirus- and adeno-associated virus-derived vectors (MoMLV, lentivirus,
AAV), or maintained episomally, as for herpes simplex virus type 1 (HSV-1) derived vectors.
The transgene capacity varies from low (4.5 kb for AAV vectors) to medium (7–8 kb for retro-
and lentiviral vectors) to high [36–150 kb for high-capacity adenovirus (AdV) and HSV-1
amplicon vectors] [37–40]. Use of tissue-specific promoters alone, or combined with regulated
promoter elements allows targeted gene expression in specific cell types (e.g. neurons, glia)
with or without tight regulation of gene expression levels [14]. Retroviral vectors can only
integrate their genetic material during cell division and, therefore, their application in the CNS
is confined to the treatment of brain tumours and to the modification of cells in culture for
transplantation purposes. It should be pointed out that variants completely devoid of any protein
encoding sequences have been constructed for vectors derived from AdV, AAV, LV and
HSV-1. In all these cases, vectors express no viral genes necessary for the normal virus life
cycle. Therefore, in theory, they were thought to be less toxic and to mediate little to no immune
reaction [41], although the reality has provided some fascinating biological surprises [39,40,
42–52].

Moving away from viruses, synthetic vectors such as cationic liposomes have several attractive
features as gene carriers: they are simple to prepare, stable at room temperature, less
immunogenic and potentially less toxic [53]. Linked to transferrin, these cationic liposome/
DNA complexes (Tf-lipoplex) show efficient transfection of various central nervous system-
derived cells [54]. However, plasmid DNA per se is inflammatory, with CpG sequences being
recognised by Toll receptors, the transfer of DNA to the nucleus of host cells is relatively
inefficient and mechanisms of long-term expression remain unclear. Thus, non-viral vectors
still present many of the same challenges as virus-derived ones.

Although there is still some lack of clarity over what should determine the choice of a particular
vector, the choice is largely determined by the target tissue, the transgenic construct to be used,
the size of transgenic cassette that can be made to fit into different vectors, the need for high
volumes and/or concentrations, the intrinsic capacity of different vector systems and even how
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a particular vector may be perceived by the patient population. Currently, the vectors of choice
being used for neurodegenerative diseases are third-generation lentiviral vectors, AAV vectors
or even the new high-capacity adenoviral or HSV-1 amplicon vectors [21]. For brain tumour
therapy, AdV, replication-conditional AdV and HSV-1 vectors are most promising [30,35,
36]. Details of individual vectors [37] and how they can be used in various applications for the
CNS [7] are summarised in recent reviews [14,17,55] cited throughout and in Tables 1, 2 and
3.

The target tissue plays an important role in vector selection. Transduction of bone marrow cells
will necessitate the use of an integrating vector such as lentiviral or retroviral vectors that
indeed infect bone marrow cells. The transgenic construct, and especially its size, guides the
next step in the choice. Any construct above 10 kbp will need vectors that accommodate more
than the full capacity of a retroviral or lentiviral vector. The need for regulatory sequences will
increase the size of the transgenic construct, again reducing the potential choice of vectors.
Finally, if a clinical trial is to proceed, patient expectations can play an important role. In spite
of the good standing of lentiviral vectors amongst the scientific community, most of these
remain derived from, and if not derived from, then related to, HIV. This could create serious
concern among patients, given the difficulty of explaining science to a scientifically illiterate
community afraid of imponderable dangers like infection by HIV. In practical terms, the choice
of vector is to a considerable degree dependent on the technical expertise of the laboratory.
Quality control of vector preparations has not been standardised, and frequently even vector
preps from commercial sources lack adequate quality control. In fact, the quality of experiments
often depends on the quality of vector preps, and ultimately on the laboratory that has prepared
them. This has come to the fore in the study of inflammatory responses: a bad vector reputation
and adverse inflammatory and immune responses are often due to the inadvertent presence of
LPS in the samples rather than to the intrinsic capacity of a vector to induce inflammation.

Cerebral ischaemia
Definition

Cerebral ischaemia causes a complex cascade of cellular events including ATP depletion,
membrane depolarisation, calcium influx, and changes in gene expression and cytoskeleton,
which finally lead to apoptosis. The core of infarction can be distinguished from the ischaemic
penumbra, where hypoperfusion causes disturbance of neuronal function with metabolism of
neurons remaining intact [56]. Cells in the core are beyond recovery, while the fate of those in
the penumbra depends on the evolution of the disease and/or the treatment.

Imaging
The penumbra is the target tissue for early thrombolysis and can be visualised by various
imaging modalities, including PET and MRI [3,6,57]. In PET studies, the penumbra is
characterised by preserved glucose metabolism, CMRGlc, as measured by 18F-
fluorodeoxyglucose (FDG) PET (and expressed as µmol/100 g/min), and preserved oxygen
metabolism, CMRO2, as measured by 15O-O2 PET (and given in µmol/100 g/min). CMRO2
is only preserved in these areas of hypoperfusion owing to an increased oxygen extraction
fraction (OEF). If hypoperfusion, which can be assessed by 15O-H2O PET (in ml/100 g/min),
lasts too long, neurons in the penumbra will die, resulting in extension of the infarct size. 11C-
flumazenil binds to central benzodiazepine receptors and, as measured by PET, is an early
indicator of preserved cortical neuronal integrity [58]. Moreover, 18F-fluoromisonidazole
binds preferentially to viable but hypoxic cells in peri-infarct regions [59]. In MRI studies, the
equivalent of the penumbra is called “mismatch”, which can be visualised by a combination
of diffusion and perfusion-weighted imaging (DWI, PWI [60]). Early thrombolysis is the only
treatment option which has been proven to be efficient in clinical applications: all
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neuroprotective strategies targeting the cascade of glutamate- and calcium-mediated toxicity
have failed to show any benefit in clinical trials. With both MRI and PET, the effect of
thrombolysis can be directly visualised in patients. Ongoing research is focussing on attempts
to extend the therapeutic window of thrombolysis through imaging guidance and combining
thrombolysis with neuroprotective strategies. Figure 1 summarises MRI and PET parameters
for the description of the penumbra.

Gene therapy
Gene therapy may be a treatment option for stroke [17]. Experimental studies in rats have
shown effects on infarct size after overexpression of bcl-2 [61], interleukin-1 receptor
antagonist [62], neuronal apoptosis inhibitory protein (NAIP [63]), sensitive to apoptosis gene
(SAG [64]), glial-derived neurotrophic factor (GDNF [65]) and midkine, a heparin-binding
growth factor [66]. It should be pointed out that all gene therapy strategies for clinical
application in patients with stroke will be complicated by the tight time frame (measured in
hours) of the ischaemic cascade, during which therapeutic intervention should take place. Most
of the experimental studies have been performed with vector delivery before or during the
period (1–2 h) immediately after the induction of ischaemia. Whether this is practically feasible
within routine clinical settings is questionable. The development of short-term gene therapy
strategies that will target the brain vasculature from a systemic administration site remains an
aspiration. However, the use of gene therapy to repair the consequences of stroke is a more
viable possibility [67]. The potential of gene therapy to manipulate endogenous stem cells,
alone or in combination with stem cell transplantation, is being explored as a novel treatment
to promote CNS repair [68–71].

Imaging gene therapy
Infarct size as measured by DWI MRI and impaired oxygen and glucose metabolism
(CMRO2, CMRGlc) could be used as read-outs for the efficiency of gene therapy. However,
because of the limitations indicated above, clinical gene therapy studies for stroke have not
been initiated.

Neurodegeneration
The diagnosis of neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease
and Huntington’s disease is based on a set of clinical, laboratory, genetic and neuroradiological
criteria. Current treatment regimens for these disorders are mostly symptomatic and have in
general shown marginal capacity to prevent progressive cell loss. While in Alzheimer’s disease
cell loss is concentrated in the neocortex and hippocampus, in Parkinson’s and Huntington’s
diseases it initially affects the basal ganglia. Of these three main neurodegenerative disorders,
Parkinson’s disease is the only one where palliative treatment can control the main clinical
symptoms for a relatively long period. Newer medications for Alzheimer’s disease may
produce some slowing of the memory decline, while no effective therapies are available for
Huntington’s disease. The continued, progressive and untreatable neuronal degeneration has
now been identified as a target for genetic therapies. Only the development of new treatment
strategies, including gene- and cell-based therapies for the transduction of growth factors and
modulation of the immune system, will offer novel opportunities to prevent further neuronal
loss. In addition, transplantation of neuronal precursor cells has now been tested in two different
double-blind controlled clinical trials, with mixed results. While some positive effects could
be detected in subgroups of patients with Parkinson’s disease treated with neuronal cell
transplantation, in both clinical trials approximately 15% of patients developed significant side-
effects [72]. Although uncontrolled clinical trials have been thought to yield generally positive
results, the significant and serious side-effects seen in the controlled clinical trials have reduced
the general enthusiasm for the transplantation of neuronal precursors. This approach is likely
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to be replaced by the transplantation of stem cells, raising the issue of how to direct the
differentiation of stem cells down the pathway required [73]. It is likely that a combination of
stem cells and gene transfer will produce the desired result of differentiation of neurons in the
required directions [74,75].

Alzheimer’s disease
Definition

Alzheimer’s disease (AD) is the most common cause of dementia and is characterised by
deposition of amyloid plaques (extracellular), neurofibrillary tangles (intracellular), synaptic
loss and neurodegeneration. The amyloid plaques contain insoluble fibrils of the amyloid-beta
(Aβ) fragment of a larger amyloid precursor protein (APP). In familial forms of AD, mutations
in presenilin and APP genes alter normal processing of APP by proteases (secretases), causing
the extracellular accumulation of amyloid plaques. The neurofibrillary tangles represent
insoluble polymers of hyperphosphorylated tau protein. Normal phosphorylated tau stabilises
microtubules of axonal cytoskeleton. Neurofibrillary tangles induce neuronal dysfunction and
destruction of neurons and synapses, first in the limbic system and later in the parietotemporal
and prefrontal association cortices. Especially the decrease in the dendritic extent and synaptic
depletion of hippocampal projection neurons lead to disruption of the connectivity among
various brain regions [76]. The apolipoprotein E (apoE) gene is a risk factor for AD, with the
apoE4 allele increasing and the apoE2 allele decreasing the risk of developing AD. The
apoE4 allele has a role in the accumulation of Aβ42 and its binding properties to tau, and it
operates as a risk modifier by decreasing the age of onset in a dose-dependent manner [77].
Degeneration of noradrenergic neurons arising in the locus ceruleus and of cholinergic neurons
arising in the nucleus basalis of Meynert also play a key role in disease pathogenesis.
Cholinergic neurons projecting to the hippocampus and cerebral cortex enhance synaptic
efficacy and modulate active cortical circuits [78,79].

Imaging
Imaging by MRI and PET now plays a key role in the diagnosis of AD. Moreover, for the
development of new markers and therapeutics, optical imaging technology is being used in
experimental models. Neuronal loss in the hippocampus and entorhinal cortex can be quantified
by MRI with high reliability [80–82]. There is a quantitative relationship between medial
temporal lobe atrophy as assessed by MRI and severity of dementia [83]. Hippocampal volume
reduction ranges between 25% and 50% depending on disease severity, and predicts the decline
from mild cognitive impairment to AD with high diagnostic accuracy [84]. 18F-FDG PET
estimates the local cerebral metabolic rate of glucose consumption, providing evidence of
neuronal loss and synapse dysfunction in vivo [85,86]. In AD, a pathognomonic reduction of
glucose metabolism in the posterior cingulate, parietotemporal and prefrontal cortices can be
found, with minor reductions in primary visual and motor areas and relative sparing of
thalamus, basal ganglia and cerebellum [87,88]. The decline of 18F-FDG uptake in the posterior
cingulate, parietotemporal and prefrontal association cortices allows identification of mild to
moderate AD with 93% sensitivity and specificity [89]. The detection of hippocampal
hypometabolism [90] relies on new-generation high-resolution PET scanners [91]. Of interest
are the results obtained by recent FDG PET studies in normal subjects carrying the apoE4 allele
and showing abnormal glucose metabolism in the same brain regions as in AD patients [92].
Frontal alterations of glucose metabolism in apoE4-positive patients with mild cognitive
impairment (MCI) were the strongest predictor for the development of AD [93]. In MCI, the
degree of cortical deficits of glucose metabolism and the prediction of development of AD are
currently under investigation [94,95]. It seems that already at the stage of MCI, reduced glucose
metabolism can be found in a network of limbic regions of interest (hippocampus, amygdala,
medial thalamus and posterior cingulate cortex) [90].
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18F-FDG together with 11C-flumazenil has also been shown to be helpful in the diagnosis of
other forms of dementia, including variants of Creutzfeld-Jakob disease [96]. The typical
distribution of impaired glucose metabolism in AD and other causes of dementia is depicted
in Fig. 2.

Besides the assessment of glucose metabolism, degeneration of cholinergic neurons, which
originate in the nucleus basalis of Meynert and project to and regulate the function of
hippocampal and cortical circuitry [97], causing alteration of acetylcholine esterase (AChE)
activity in the amygdala and cerebral cortex in AD, can be assessed by 11C-N-methyl-4-
piperidinyl-acetate or -propionate (11C-MP4A; 11C-PMP) and PET [98,99]. Cortical AChE
activity was found to be associated with attention and working memory rather than with
performance on primary memory tests in AD [100]. Interestingly, the AChE activity and
glucose metabolism are preserved or even increased in the nucleus basalis of Meynert itself,
indicating that neocortical and amygdaloid functional changes of the cholinergic system are
an early event in AD rather than the consequence of neurodegeneration of the basal nuclei
[101]. Given that inhibition of AChE is the only pharmacological therapy with at least partial
activity, imaging could help in the optimisation of pharmacological approaches.

18F-FDG and 11C-MP4A PET both reveal information on metabolic and functional
consequences of the primary disease process, the disturbed protein processing. Therefore, a
further imaging agent is required that will permit direct detection of the disease pathology by
binding to Aβ plaques in vivo [102–106]. Based on fluorescent thioflavin derivatives used to
image amyloid plaques in transgenic mice in vivo by multiphoton microscopy [103,107], the
neutral benzothiazoles were further investigated as potential PET agents. The basic properties
of the prototypical benzothiazole amyloid binding agent, N-methyl-11C2-(4′-methyl-
aminophenyl)-6-hydroxybenzothiazole (11C-PIB), include binding to Aβ with low nanomolar
affinity, ready passage of the blood-brain barrier and rapid clearance from normal brain tissue
[104]. The first imaging results in healthy controls and patients with AD demonstrated retention
of 11C-PIB in frontal, parietotemporal and occipital cortices as well as the striatum in patients
with AD. In cortical areas, 11C-PIB retention correlated inversely with cerebral glucose
metabolism [104]. An Aβ binding compound which can be radiolabelled by 11F has also been
developed. 2-(1-(6-[(2-[11F]fluoroethyl)(methyl)amino]-2-naphthyl)ethylidene)malononitrile
([11F]FDDNP) labelled senile plaques in tissue sections from AD brain; however, its in vivo
specificity has not yet been clarified owing to its low clearance from white matter [108,109].

It should be pointed out that activated microglia, which play a key role in the brain’s immune
response to neuronal degeneration, are now also assessable by 11C-PK11195, a specific ligand
for the peripheral benzodiazepine binding site, and PET. A study in patients with AD revealed
increased 11C-PK11195 binding in the entorhinal, temporoparietal and cingulate cortices,
suggesting that microglial activation is an early event in the pathogenesis of AD [110].
Although the role of inflammation, non-steroidal non-inflammatory agents and brain
immunoreactivity in AD remains under discussion, the possibility of monitoring microglial
activation during disease progression and experimental treatments could help clarify this issue
of great pathological and therapeutic interest.

In summary, 11C-PIB, 18F-FDG, 11C-MP4A or 11C-PK11195 PET in conjunction with MRI
provides an excellent means for multimodal non-invasive assessment of primary and secondary
effects in AD pathogenesis which will improve diagnostic security, especially in the early
diagnostic phase of disease, and which supply readouts for the potential effects of non-steroidal
anti-inflammatory drugs or neutrotrophic factors delivered by gene therapy. Moreover,
amyloid imaging in people from families with hereditary forms of AD, including those with
chromosomal alterations (APP and PS1 mutations) and carriers of apoE4, is of the greatest
interest [111].
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Gene therapy
The fact that nerve growth factor (NGF) allows extended survival of basal forebrain cholinergic
neurons [112] has led, during the past 20 years, to the experimental investigation of NGF
therapy for rescue of degenerating cholinergic neurons arising in the basal forebrain [113–
116]. However, in spite of NGF being able to promote cholinergic neuron survival, markers
of cholinergic cortical innervation being reduced in AD, and inhibitors of ACHE showing some
limited reversal of memory dysfunction in patients, the reasons for the decrease in markers of
cholinergic function remain unknown. Cholinergic dysfunction could be a primary defect, or
cholinergic lesions could be a secondary effect of primary degeneration of the neocortex.
Importantly, lesions of the neocortex induce secondary changes in the basal forebrain,
increasing further the difficulty in establishing the pathogenic importance of the basal forebrain
cholinergic neurons. Understanding the disease pathophysiology will be important in
determining the potential therapeutic benefit of cholinergic drugs in AD.

Intracerebroventricular infusion of recombinant NGF in patients with AD had serious side-
effects, such as pain and weight loss [117], and therefore ex vivo NGF gene delivery approaches
had to be developed. Transplantation of primary rat fibroblasts producing human NGF was
first investigated in fimbria-fornix lesioned rats [115]. After safety and feasibility had been
confirmed in primates [118–120], a phase I trial was initiated [121]. Eight patients with mild
AD showed no adverse effects 22 months after transplantation of autologous fibroblasts
obtained from skin biopsies, infected with an NGF-expressing MoMLV-derived retroviral
vector and stereotactically implanted unilaterally (n=2) or bilaterally (n=6) into the nucleus
basalis of Meynert. Clinical follow-up indicated an apparent slowing in the rate of cognitive
decline, and 18F-FDG PET, which was performed in four patients, showed a significant
increase in cortical glucose consumption after treatment. Another phase I trial has been initiated
in patients with mild AD based on injection of AAV mediating NGF expression into the basal
forebrain (http://www.gemcris.od.nih.gov/). However, the data remain to be replicated in
larger double-blind controlled phase III/IV clinical trials in AD patients.

Other gene therapy strategies for AD include transduction of apoE2 [122], which prevents and
reduces the Aβ burden and the subsequent development of neuritic plaques in AD mice, as
well as active immunisation by vaccination with a plasmid that encodes Aβ42 [123] or by
intranasal administration of replication-incompetent AdV carrying both Aβ and GM-CSF genes
[124]. These alternative immunisation strategies are currently being developed since, while
active immunisation with synthetic Aβ1–42 has been shown to be effective in mouse models,
significantly reducing the Aβ burden with an accompanying improvement in cognitive
performance, clinical trials had to be stopped after enrolment of about 300 patients owing to
the development of T cell-mediated aseptic meningo-encephalitis in 6% of treated patients
[125,126]. Immunisation techniques are clearly double-edged swords. Essentially, in the trials
that proceeded, patients were immunised with endogenous brain proteins. Immunisation
against brain proteins, whether they are components of myelin or not, have been shown in the
past to lead to autoimmune diseases. These experiments have shown that immunisation against
Aβ amyloid is no exception. Although a number of strategies are now being tested in the hope
that immunogens will be found that do not cause brain inflammation, it is difficult to predict
whether this strategy will succeed clinically. The theory is that antibodies to Aβ amyloid, by
acting either directly in the brain or systemically, will be able to reduce levels of Aβ and thus
restore neuronal function. However, both T cells and antibodies have been shown to be able
to mediate neuro-inflammatory disease. Thus, this will have to be tested thoroughly in
experimental animals, and any ensuing clinical trials will require the utmost care. The potential
to monitor microglial activation in vivo, before any clinical symptoms develop, may be
considered a must if such clinical trials are to be allowed to proceed. Indeed, it is difficult to
ensure that the experimental models being used are appropriate. Initial immunisations were
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tested in mouse models of AD. However, none of the mice developed significant brain
inflammatory disease. The variation in human MHC haplotypes, compared with the
homogeneous H2 of transgenic mice, could explain why inflammation was finally only
detected in humans, although it would have been predictable based on our knowledge of how
to induce brain inflammation by immunising against brain proteins.

More recently, neprilysin, a major extracellular enzyme that degrades Aβ, has been proposed
as an alternative approach for gene therapy, and as such has been tested in a number of different
experimental models [127,128]. Also, IGF-1 has been shown to be effective in experimental
models of neuronal degeneration, including mouse models of amyotrophic lateral sclerosis
[129]. Even though questions remain on how IGF-1 may be delaying the death of affected mice
in this model, the strong experimental results in a disease which is otherwise untreatable have
accelerated the development of significant clinical trials. Should IGF-1 prove effective in
protecting spinal cord motor neurons from progressive ALS, it may also be tried as a
neuroprotectant in AD. Equally, siRNA has now been shown to be effective in reducing the
overexpression of pathogenic proteins in experimental models of Huntington’s disease (e.g.
huntingtin), dominant inherited ataxias and torsion dystonia [23–25,130].

Imaging gene therapy
Further imaging methods in clinical protocols as described by Tuszynski et al. [121] should
include assessment of the viability of fibroblast grafts as well as direct assessment of improved
AChE activity by 11C-MP4A or 11C-PMP PET. Monitoring of microglial activation in some
of the novel immunomodulatory strategies could also help prevent the development of
untoward clinical responses, and possibly predict the development of inflammatory brain
disease in advance of overt behavioural symptoms. Thus, it is envisaged that molecular imaging
techniques will not only advance the clinical implementation of gene therapy, but also allow
monitoring of aspects of potentially serious adverse side-effects in vivo in human patients, thus
helping to make gene therapy safe and effective.

Parkinson’s disease
Definition

The second most common neurodegenerative disorder is Parkinson’s disease (PD), in which
a progressive loss of dopaminergic neurons occurs in the substantia nigra and other brain stem
nuclei. This neuronal loss is associated with the formation of intracellular Lewy inclusion
bodies and leads to dopamine depletion from the striatum, with projections to the putamen
being most affected. Later in the disease, other transmitter systems involving serotonergic cells
in the median raphe, noradrenergic cells in the locus ceruleus and cholinergic cells in the
nucleus basalis of Meynert also become involved in the neurodegenerative process. Therefore,
patients with PD have not only the typical motor impairment with resting tremor, bradykinesia
and rigidity but also balance problems, autonomic nervous dysfunction, and cognitive and
psychiatric features.

The exact mechanisms of dopaminergic neuron degeneration are not fully understood. Genetic
factors include mutations in the alpha-synuclein (PARK1) and parkin (PARK2) genes [131,
132]. Parkin functions as an E3 ubiquitin-protein ligase, and a loss of function results in the
failure of intracellular protein processing with subsequent accumulation of various proteins to
toxic levels [133]. Although sporadic and inherited forms of PD have different causes, they
likely intersect in common pathways [134,135]. The central cause of sporadic PD seems to be
a mitochondrial complex I inhibition, and complex I deficiency may cause alpha-synuclein
aggregation contributing to the degeneration of dopaminergic neurons [134,135].
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Imaging
Historically, MRI did not show gross abnormalities in patients with PD whereas PET revealed
specific changes in nigrostriatal function by assessing the expression of aromatic amino
decarboxylase activity (AADC, the enzyme that converts L-dopa to dopamine) in nigrostriatal
neurons and the postsynaptic density of dopamine D2 receptors. With the advent of high-field
MRI and improved radiotracer technology, several new imaging results have been obtained in
recent years for PD. MRI and even ultrasound may detect structural changes in the pars
compacta of the substantia nigra in PD patients [136,137] and within the putamen, pons,
midbrain and cortex in patients with atypical parkinsonian syndromes [138,139]. PET and
SPECT are now able to assess a variety of pre- and postsynaptic processes that reflect the
impaired function of the dopaminergic system in the striatum: (i) presynaptic AADC activity
is being measured by 18F-6-fluorodopa (18F-DOPA); (ii) vesicle monoamine transporter
(VMAT), an indicator of anatomical density of dopaminergic terminals, can be assessed
by 11C-dihydro-tetrabenazine (11C-DHTBZ); (iii) expression and activity of presynaptic
dopamine transporters are being assessed by 11C- or 18F-labelled 2β-carbomethoxy-3β-(4-
fluorophenyl)tropane (11C-/18F-CFT) or 2β-carbomethoxy-3β-(4-123I-iodophenyl)tropane
(123I-β-CIT); (iv) finally, expression and availability of postsynaptic D2 receptors are being
detected by 11C-raclopride, 11C- or 18F-labelled spiperone and 123I-iodobenzamide (123I-
IBZM). Complex methods in combination have also been used to measure dopamine turnover
in vivo. Together with MRI and 18F-FDG PET, these tracers can be used to differentiate various
stages of PD from multiple system atrophy and normal controls as depicted in Fig. 3. In the
early stages, 18F-DOPA is reduced uni- or bilaterally in the posterior putamen, with relatively
increased (upregulated) expression of D2 receptors and preserved glucose metabolism [2,
140]. In contrast, in multiple system atrophy, pre- and postsynaptic alterations in 18F-DOPA
and 11C-raclopride are accompanied by a reduction in glucose metabolism, indicating pre- and
postsynaptic neurodegeneration. In advanced PD, ventral and anterior putamen and dorsal
caudate dopaminergic function is altered.

Besides 18F-DOPA, presynaptic dopamine transport provides an additional measure for the
integrity of the nigrostriatal terminals. With the development of 11C- and 18F-labelled CFT
and 123I-labelled FP-CIT and altropane, various tropane-based tracers are available for both
PET and SPECT imaging [141–143]. Interesting findings have been reported by Lee et al.
[144], demonstrating that assessment of presynaptic dopaminergic nerve terminal function by
a set of tracers reveals compensatory mechanisms at various stages of PD. They found
that 18F-DOPA Ki was reduced less than the binding potential for 11C-DTBZ labelling
VMAT2, which in turn was reduced less than the binding potential for 11C-methylphenidate
labelling the plasma membrane dopamine transporter. These data indicate that in the striatum
of patients with PD, the activity of aromatic amino acid decarboxylase is relatively up-
regulated, whereas the plasma membrane dopamine transporter is down-regulated, resulting
in an increased dopamine turnover and a decreased re-uptake to compensate for the synaptic
dopamine deficiency [144]. Furthermore, the involvement of other transmitter systems and the
activation of microglia in the pathogenesis of PD are currently under investigation [145,146].

In summary, multitracer PET/(SPECT) imaging in conjunction with MRI is being used (i) in
the differential diagnosis of PD [2]; (ii) for non-invasive phenotyping of genetic forms of PD
[147,148]; (iii) for the assessment of disease progression [149,150] and of the effects of
potential neuroprotective therapies [151,152]; and (iv) for the establishment of new forms of
therapy, including deep brain stimulation ([153,154]) as well as gene and cell-based therapies.
The value of radiotracer imaging in PD has been summarised in a recent consensus paper
[155] and a recent review [156].
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Gene therapy
Gene therapy for PD was first developed in rat models using transduction of a single gene
encoding tyrosine hydroxylase (TH) [157,158]. Limitations of this approach included the side-
effects of the helper-dependent HSV-1 amplicon vector used at that time, limited long-term
expression and expression of TH as the only gene. In the past 10 years, gene therapy approaches
for PD have been further developed in three directions: (i) transduction of multiple genes
essential in the production of dopamine and dopamine turnover in nigrostriatal nerve terminals,
(ii) transduction of genes encoding growth and anti-apoptotic factors for the prevention of
further degeneration of nigrostriatal neurons and (iii) vector and promoter systems which are
non-toxic and support long-lasting gene expression.

Various studies from recent years have indicated that co-expression of multiple genes is
required for the efficient production and release of dopamine in striatal nerve terminals: (i) TH
converts tyrosine to L-dopa in the presence of tetrahydrobiopterin (BH4); (ii) GTP
cyclohydroxylase I (GCHI) is the rate-limiting enzyme in the biosynthesis of BH4; (iii)
aromatic amino decarboxylase (AADC) converts L-dopa to dopamine; (iv) vesicular
monoamine transporter type 2 (VMAT-2) transports dopamine into synaptic vesicles. The
following gene combinations have been successfully used in rat and primate models of PD
using AAV, HSV-1 amplicon or lentiviral vectors: TH and GCHI [159,160]; TH, GCHI and
AADC [161–163]; and TH, GCHI, AADC and VMAT-2 [164]. The latter study demonstrated
that transduction of all four genes in comparison to transduction without VMAT-2 supported
(i) higher levels of correction of apomorphine-induced rotational behaviour, (ii) extracellular
levels of dopamine and dihydroxyphenylacetic acid and (iii) significant K+-dependent release
of dopamine [164]. The efficiency of this approach has yet to be confirmed in primate models.

Neuroprotective gene therapy strategies may be especially useful in early PD stages. It has
been shown that transduction of glial cell-derived neurotrophic factor (GDNF [165]) and brain
cell-derived neurotrophic factor (BDNF [166]), as well as other neurotrophic factors related
to GDNF, such as neurturin, can protect nigrostriatal neurons from neurotoxic stress in rat and
primate models of PD [167–171]. It should be pointed out that regeneration of nigrostriatal
neurons reaching their target in the striatum was promoted only when vectors were injected
into the striatum, leading to retrograde transport of GDNF into the substantia nigra. Injection
of vectors directly into the substantia nigra promoted uncontrolled sprouting of axons within
the vicinity of the substantia nigra, without them growing out to reach their target in the striatum
[169]. Prior to potential clinical application, it will be necessary to resolve uncertain
consequences of long-term growth factor expression, such as down-regulation of TH [172,
173], and questions regarding timing and regulation of therapy [174] in the disease course.
Therefore, alternative growth factor-based gene therapies are being developed which are based
on the neurotrophic and neuroprotective properties of Sonic Hedgehog, a secreted
neurodifferentiation factor [38,175]. Additional constraints are imposed by the experimental
models, in which the survival or death of the nigrostriatal dopamine neurons depends on the
very details used in lesioning the substantia nigra. Thus, while direct infusion of cytotoxins
into the nigra or cutting of nigrostriatal axons will lead to the death of nigral neurons, other
means of inducing nigral toxicity, such as 6-hydroxydopamine or even MPTP, produce only
smaller lesions. That these may be mainly functional, and even reversible over time, further
complicates not only the analysis of experimental outcomes, but also their applicability to
human disease. Although evolutionary analysis is normally not included amongst the
considerations relevant to the development of novel therapies, MPTP produces massive and
irreversible lesions of the human but not the rodent substantia nigra, while the introduction of
mutations into the mouse germline has induced limited pathological consequences compared
with those detected in humans. Thus, it will be important that novel gene therapy strategies,
almost unavoidably based on biased models, should include safety procedures for inhibiting
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gene expression over the long term in case the gene therapies have side-effects or prove
inefficient. This raises further complexities, given that regulatory requirements are easier to
fulfil, the simpler the novel genetic constructs are. Paradoxically, it thus becomes easier and
cheaper for the biotech industry to obtain approval for clinical trials utilising less safe,
unregulated genetic constructs!

Other paradigms of gene therapy for PD which are currently being tested in animals models
include the transduction of dopaminergic neurons with JNK-interacting protein-1 (JIP-1
[176]), apoptosis protease activating factor-1 (APAF-1) dominant negative inhibitor [177],
neuronal apoptosis inhibitor protein (NAIP [178]), Hsp70 [179] and Parkin [180,181]. Such
approaches have been reviewed elsewhere [182].

Another gene therapy paradigm is the conversion of excitatory to inhibitory output neurons
arising from the subthalamic nucleus (STN) by transduction of excitatory glutamatergic
neurons of the STN with glutamic acid decarboxylase (GAD), the enzyme that catalyses the
synthesis of the neurotransmitter GABA [183]. The transduced neurons, when driven by
electrical stimulation, produced mixed inhibitory responses associated with GABA release.
This phenotypic shift resulted in strong neuroprotection of nigral dopamine neurons and rescue
of the parkinsonian behavioural phenotype in rats. It is planned to apply this paradigm in a
clinical trial [184]. The hypothesis is that, by AAV-mediated transduction of GAD, increased
GABAwill suppress STN overactivity and simulate the good results obtained by deep brain
stimulation (DBS). Patients to be included meet the criteria for STN DBS elective surgery.
Twenty patients will receive DBS electrodes, and in addition they will be randomised into two
groups, to receive either a solution containing rAAV-GAD or a solution which consists just of
the vector vehicle. All patients will agree not to have the DBS activated until completion of
the study. Patients will be assessed with a core clinical assessment program and in addition
will undergo serial PET imaging. At the conclusion of the study, any patient with sufficient
symptomatic improvement will be offered DBS removal. Any patients with no benefit will
have their stimulators activated, which would normally be the appropriate therapy, requiring
no additional operation. If any unforeseen symptoms occur from STN production of GABA,
this might be controlled by blocking STN GABA release with DBS, or STN lesioning could
be performed using the DBS electrode [184]. This is the first clinical gene therapy trial in
humans suffering from PD.

Other clinical gene therapy trials for PD are based on the transduction of AADC and neurturin
[185] using AAV vectors, where study specific information can be found under
http://www.gemcris.od.nih.gov.

Imaging gene therapy
In a primate model of PD, Kordower et al. non-invasively assessed the therapeutic effect of
lentiviral vector-mediated transduction of GDNF by measuring the improvement in
endogenous enzymatic activity of AADC by 18F-DOPA PET [170]. The improvement in lenti-
GDNF-mediated nigrostriatal function as measured by 18F-DOPA PET in vivo was correlated
with independent measures in vivo, such as functional improvements of motor tasks, as well
as with positive GDNF expression and an increased number of tyrosine hydroxylase-expressing
nigrostriatal neurons (as assessed post mortem). This study indicated the relevance of imaging
of an endogenous effector gene (AADC) in vivo for the successful implementation and
assessment of this gene therapy paradigm. In a similar approach, efficient AAV vector-
mediated transfer of the AADC gene directly has been achieved after convection-enhanced
delivery in a non-human primate model of PD [186]. The efficiency of gene transfer was
assessed by PET and co-registration of histology/immunohistochemistry. Evaluation of
successful gene therapy in clinical applications will require a full set of image parameters
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assessing pre- and postsynaptic nigrostriatal function before and after intervention and at long-
term follow-up.

Gliomas
Definition

Gliomas are the most common primary intracranial neoplasms and are divided into
astrocytomas, oligodendrogliomas, oligo-astrocytomas and glioblastomas. The World Health
Organisation (WHO) grading of gliomas takes into account the presence of nuclear changes,
mitotic activity, presence of endothelial proliferation and necrosis [187]. Glioblastoma is the
most fatal and most common primary brain neoplasm, with an incidence of 3–6 in 100,000.
Together with all intracranial neoplasms, glioblastoma is the second most common cause of
death due to an intracranial disease after stroke. A complex series of molecular changes leads
to glioma development, which results in deregulation of the cell cycle, alterations of apoptosis
and cell differentiation, neovascularisation and tumour cell migration and invasion. Genetic
alterations include a loss or mutation of tumour suppressor genes and other genes involved in
the regulation of the cell cycle as well as activation or amplification of growth factors and/or
their receptors. During progression from low-grade astrocytoma (WHO grade II) to anaplastic
astrocytoma (WHO grade III) and to glioblastoma multiforme (GBM; WHO grade IV), a
stepwise accumulation of these genetic alterations occurs. Most importantly, molecular
alterations have been identified which indicate therapeutic response of patients and, thus, are
prognostically relevant: anaplastic oligodendrogliomas with LOH 1p and/or LOH 19q are
characteristically sensitive to PCV chemotherapy, and patients’ survival is significantly
prolonged [188].

Imaging
As reviewed recently [189], MRI and PET are highly important in the diagnosis and
management of gliomas. Combined imaging by MRI and PET has several aims. The most
important parameters of interest are: (i) before therapy: assessment of localisation, biological
activity and relation to functionally important neuronal tissue; (ii) after therapy: assessment of
the effects of therapy, differentiation of recurrent tumour from radiation necrosis and
determination of tumour progression. MRI and PET are therefore instrumental in both the
establishment of the diagnosis and the assessment of treatment response. Figure 4 summarises
the most important variables which can be non-invasively assessed by MRI and PET in patients
with a suspected glioma.

Depending on the radiotracer used, various processes can be visualised by PET, most of them
relating to increased cell proliferation within gliomas. Radiolabelled 2-18F-fluoro-2-deoxy-D-
glucose (18F-FDG), methyl-11C-L-methionine (11C-MET) and 3′-deoxy-3′-18F-fluoro-
thymidine (18F-FLT) are the most commonly used radiotracers. They are incorporated into
proliferating gliomas depending on their tumour grade, as a reflection of the increased activity
of membrane transporters for amino acids (11C-MET) and nucleosides (18F-FLT) as well as
the increased expression of cellular hexokinase (18F-FDG) and thymidine kinase (18F-
FLT). 18F-FDG monitors the rate of glucose uptake and has been used to detect the metabolic
differences between normal brain tissue, low-grade and high-grade gliomas, and radionecrosis.
Intratumoural glucose consumption correlates with tumour grade, cell density, biological
aggressiveness and patient survival/prognosis. Moreover, 18F-FDG PET is able to guide
stereotactic tumour biopsy to identify the most malignant tumour parts, and malignant
progression of low-grade gliomas is indicated by newly appearing hypermetabolism. 11C-MET
has been shown to be a more specific tracer in tumour detection, delineation and staging owing
to its relatively low uptake in normal brain (Fig. 4). The increased 11C-MET uptake is related
to increased transport mediated by type L amino acid transporters located at the blood-brain
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barrier. 11C-MET uptake correlates with cell proliferation in vitro, Ki-67 expression, as well
as proliferating cell nuclear antigen expression and microvessel density, indicating its role as
a marker for active tumour proliferation. 11C- and 18F-labelled thymidine compounds have
been radiosynthesised for non-invasive assessment of tumour proliferation and early response
to chemotherapy. Relative 18F-FLT uptake within gliomas is greater than relative 11C-MET
uptake owing to very low background activity; however, the sensitivity of 18F-FLT in detecting
low-grade gliomas is lower than that of 11C-MET (for details and literature see [189]).

Gene therapy
Originally, the concept of gene therapy for glioblastoma was to transplant fibroblasts
genetically engineered to secrete retroviral vectors carrying a pro-drug activating enzyme gene
[190]. As retroviruses would only be able to integrate their genetic material into dividing cells,
this concept seemed to be safe for the selective transduction of highly proliferating tumour
cells. However, clinical application of this approach did not show a clinical benefit for patients
[191–193]. The most important limitation of gene therapy for glioblastoma is the
hetereogeneity of the tumour tissue, with highly proliferative tumour areas alongside areas of
necrosis and non-dividing tumour cells migrating into the surrounding oedema. Therefore, the
further development of gene therapy for glioblastoma will need to concentrate on: (i) the
combination of different therapeutic genes to achieve a synergistic action; (ii) combination of
viral therapy with gene and immunotherapy; (iii) improved methods of vector application based
on convection-enhanced delivery; and (iv) imaging-based control of vector application and
therapy read-out [1,194]. The various gene therapeutic strategies which have been studied to
treat glioma models have been reviewed recently [8,26,195] and include:

1. Replicating viruses based on replication-conditional HSV-1 and AdV vectors

2. Prodrug activating enzymes (e.g. thymidine kinase, cytosine deaminase from various
bacterial strains, guanine phosphoribosyl transferase, cytochrome P450,
deoxycytidine kinase, folylpolyglutamyl synthethase, carboxylesterase)

3. Cell cycle-regulating proteins (e.g. p53, p16, p21, PTEN, Rb, p300)

4. Pro-apoptotic genes [caspases, Bax, Fas ligand (FasL)]

5. Factors inhibiting angiogenesis (endostatin, angiostatin, antisense VEGF, dominant
negative VEGF receptors, antisense EGF, dominant negative EGF receptors,
antisense basic FGF and IGF1)

6. Immunomodulation (e.g. IL2, IL4, IL6, IL12, IL13, GM-CSF, TNF-α, interferon-γ,
antisense TGF-β, TGF-β soluble receptors, Flt3L)

Some of these systems are currently being evaluated in clinical gene therapy protocols
(http://www.gemcris.od.nih.gov) to investigate the safety and efficiency of:

1. Replicating viruses

- G207 [35]

- 1716 [36,196,197]

- ONYX-015 [30]

2. Pro-drug therapy

- HSV-1 thymidine kinase (tk) gene mediated by an AdV vector (H5.020RSVTK)
with subsequent ganciclovir or valaciclovir

- HSV-1-tk gene mediated by producer cells (PA317/G1TkSvNa.7) which are
stereotactically implanted with subsequent ganciclovir treatment
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3. Cell cycle regulation

- p53 gene mediated by a recombinant AdV vector

4. Anti-angiogenesis

- Episome-based antisense cDNA transcription of insulin-like growth factor I

5. Immunomodulation

- IL-4 expressed from autologous tumour

- Irradiated TGF-β2 antisense gene modified autologous tumour cells

- Human interferon-beta (H5.010CMVhIFN-β) mediated by AdV or cationic
liposomes [198,199]

- Allogeneic glioblastoma tumour cell lines (IR850) mixed with allogeneic
fibroblasts genetically modified to secrete GM-CSF (IR851)

- Irradiated autologous glioma and dendritic cells admixed with IL-4

- Autologous CD8+ T cells expressing IL13-zetakine and HyTK

- Expanded autologous bone marrow-derived stromal cells expressing IL-12

- AdV expressing Flt3L [31,200]

- Dendritic cells [201,202]

6. Stem cells

- Neural precursors targeting infiltrating brain GBMs [203–210]

Correction of genetic defects in GBMs
Although the genetic alterations that give rise to a cancer cell are numerous, there are some
frequently occurring gene mutations in GBMs. Perhaps, the most common genetic alterations
are in the p53 tumour suppressor gene and the EGF receptor, which are mutated in a large
percentage of the human tumours. Tumour suppressor genes encode for proteins that suppress
cell division; therefore, by introducing an unmutated tumour suppressor gene into cancer cells,
apoptosis can be induced and tumour growth inhibited.

Inactivation of p53 occurs early in glial tumorigenesis, and replacement of the mutated p53
gene has been described for many tumour models. Adenoviral delivery of wild-type p53 into
glioblastoma cell lines has been attempted, and p53 inhibited proliferation and mutant p53
induced apoptotic cell death. Mutations of the retinoblas-toma (Rb) gene and/or p16 gene are
also common. Restoration of p16 expression in p16-deficient glioma cell lines, D-54 M, U-251
MG and U-87 MG, produced growth arrest. In addition, abnormalities in the apoptotic cascade
are almost always present in GBMs, and activation of apopotosis-promoting pathways, such
as the Fas-FasL system, has been used to induce glioma cell killing.

Inhibiting blood vessel formation
Important and highly active angiogenic factors were initially discovered through tumour
resection-induced growth of distant tumour sites. Angiostatin, derived from plasminogen, and
endostatin, have been utilised in models of GBM. Growth inhibition was observed and
encouraged clinical trials. However, the turnover time of these small peptides is very fast and
it has been difficult to deliver enough of these proteins over long-term periods in humans;
therefore, long-term, high-level delivery using gene therapy vectors has been proposed. Despite
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encouraging results from gene therapy, trials of these approaches in human tumours have yet
to proceed.

Activation of the immune response
Although it is difficult, if not impossible, to stimulate an immune response from the CNS itself,
once an immune response has been stimulated, systemically activated T lymphocytes have
relatively few limitations in finding and destroying tumours located within the brain. The
blood-brain barrier, the absence of classical lymphatic drainage from the CNS, and the lack of
dendritic cells (DCs) in the naive CNS are barriers to the priming, but not to the effector phase
of the immune response. Tumour cells can indeed be targets of the immune system. The
appearance of progressive multifocal leukoencephalopathy in human patients suffering from
multiple sclerosis and Crohn’s disease has demonstrated that the immune system is constantly
monitoring the endogenous brain milieu. Therefore, stimulation of the brain immune response
is being attempted through systemic vaccination, systemic stimulation of the immune system
or even direct intracranial injection of DCs. A particularly promising approach is stimulation
of the immune system from within the brain proper. Ali et al. have recently demonstrated that
direct injection of Flt3L (a powerful differentiator of DCs) into the brain, in combination with
HSV-1-TK, is able to eliminate rather large brain tumours from the CNS of rodents [31,200].

Enhancement of the immune response using cytokines
The use of cytokines, such as TNF-α, has been attempted, but without encouraging results
regarding either preclinical or clinical outcomes. Whether TNF-α might be beneficial in
conjunction with other tumour-killing strategies remains to be explored. IL-4 has also been
used for glioma treatment due to its induction of a very strong immune response in the brain
parenchyma and its antiproliferative effects on glioma cells. Again, combination therapies may
be more effective, although trials of IL-4 in experimental models have shown it to be effective;
IL-2, IL-12 and IFN-γ have also been tested as potential adjuvants for the treatment of brain
tumours. More interesting are the novel approaches in which IL-4 has been expressed fused to
the translocation and enzymatic domains of Pseudomonas exotoxin. This has now been tested
in a number of clinical trials, and has been claimed to demonstrate rather positive effects in
humans. This is now leading to larger clinical trials, and the results thereof are eagerly awaited,
as they are the only ones that may indicate the real long-term value of these novel experimental
approaches. IFN-β, on the other hand, has now been tested on its own in a number of clinical
trials. However, lack of miraculous results has impeded the progression of these therapies into
the phase III trials that are needed to demonstrate large-scale effects of novel approaches.

Manipulation of DCs as a tool for brain cancer immunotherapy
An important approach is to increase the number and activity of primary antigen-presenting
cells, e.g. DCs. GM-CSF and Flt3 ligand differentiate haematopoietic precursors into DCs and
attract them to the tumour site, also activating the DCs to process the tumour antigens, migrate
to the local lymph nodes and present antigen to naive T lymphocytes to induce anti-tumour
effects.

Antigen-pulsed autologous DCs are also being used to stimulate anti-tumour cytotoxic T cell
responses, an approach successfully used experimentally and also in phase I/II human trials.

Given our still poor understanding of the brain’s immune system, the challenge facing immune
stimulation against brain tumours is whether clinically effective responses can be induced in
the absence of brain autoimmune disease [211]. Importantly, induction of immune responses
against melanomas, even in cases causing vitiligo, has never induced brain disease. Vitiligo
destroys skin melanocytes that contain melanin, a protein that is also expressed within the
nigrostriatal human neurons. On the other hand, non-small cell lung cancer that develops anti-
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tumour immune responses is frequently accompanied by immune-mediated cerebellar
degeneration, evidenced clinically as a paraneoplastic disorder.

Various trials of DC vaccination, in which gene therapy is being used to deliver cytokine genes
or antigens, are currently progressing at various centres around the world. A recent resurgence
of interest in regulatory T cells that are potentially inhibitory to anti-tumour immune responses
is also forcing a rethink on how to prime the subtype of DC that will stimulate cytotoxic T cells
without the simultaneous induction of T regulatory cells.

Enzyme/prodrug combinations: HSV-1-TK/ganciclovir
This constitutes the most classical gene therapy approach for GBMs, the thymidine kinase from
HSV-1 having been employed both experimentally and clinically. Upon administration of
ganciclovir (GCV), phosphorylated GCV is the toxic final product that mainly kills dividing
cells—hence its great interest for the treatment of brain tumours.

The HSV-1-TK/GCV system displays important bystander effects that are thought to amplify
its cytotoxic activity. The bystander effect has various components that either stimulate the
anti-tumour immune response or need cell-to-cell contacts to transfer GCV-triphosphate to un-
transduced cells.

HSV-1-TK has been delivered using cationic liposomes, herpes simplex virus (HSV),
adenovirus, retroviral vectors and even replicating vectors. When HSV-1-TK is delivered using
replicating HSV vectors, GCV itself inhibits the propagation of the vector. This has allowed
replicative virus to be used, with the aim of increasing the percentage of tumour cells which
can be transduced, using GCV as a useful safety mechanism to prevent uncontrollable viral
spread.

As reviewed previously [194], exciting preclinical data for HSV-1-TK/GCV resulted in various
phase I–II clinical trials of HSV-1-tk gene therapy mediated by retrovirus in patients with
recurrent glioblastoma. Retrovirally transduced fibroblasts expressing TK were administered
by intracerebral injection immediately after surgical tumour resection. The data were
suggestive, but these were small, uncontrolled trials and statistical significance could therefore
not be proven.

The preliminary data highlighted that gene transfer was low and, therefore, that insufficient
numbers of tumour cells would have been transduced. Nevertheless, pharmaceutical interests
led to the performance of a large multicentre phase III trial with hundreds of patients. Although
substantial funds were devoted to this trial, patients on the gene therapy arm were faring worse
than those on the control arm, and the trial had to be stopped. The lessons to be extracted from
this trial, both for the ethics of clinical trials of novel complex technologies and for the role of
the biotechnological industry in advancing such techniques, remain to be fully explored. The
failure of the large phase III trial has now consigned the use of retroviral vectors expressing
TK to the archives of medical experimental memory. In doing so, an otherwise powerful
experimental approach, namely HSV-1-TK itself, has been compromised. This underlines the
necessity of including molecular imaging technology in gene therapy approaches, thereby
permitting non-invasive assessment of the transduction efficiency of a certain vector and
application system and avoiding performance of large phase III trials for gene therapy protocols
which demonstrate only limited efficiency in a small patient group [1].

An intelligent alternative to these approaches has been provided by Seppo Yla-Herttuala, who
compared side by side the effectiveness of TK when expressed from retroviral vectors or first-
generation AdV vectors. This author and co-workers were able to demonstrate in controlled
trials that the AdV vectors were more effective than the retroviral vectors [33,212,213]. This
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research has now been expanded and a phase III trial is in the final planning and implementation
stages. Larger phase II trials have demonstrated a statistically significant effect of AdV
expressing TK plus GCV in patients suffering from GBM. Other alternative conditional
cytotoxic approaches, such as cytosine deaminase and 5-fluorouracil, and carboxypeptidase
G2 and pro-alkylating agents are also being developed for the treatment of gliomas.

Imaging gene therapy
Imaging-guided follow-up of gene therapy depends on the use of MRI and PET imaging
markers for endogenous gene expression, as described previously [189,214], and on the
assessment of vector-mediated (exogenous) gene expression. Non-invasive monitoring and
localisation of exogenous genes by PET and MRI relies on the transduction of “marker genes”
encoding enzymes [215–217] or receptors [218,219], leading to regional accumulation of
trapped radiolabelled or paramagnetic “marker substrates” or receptor binding compounds
which can be detected by PET or MRI.

Radiolabelled 2′-fluoro-2′-deoxy-1-β-D-arabinofuranosyl-5-124I-iodo-uracil (124I-FIAU) as
well as other specific substrates for HSV-1-TK and PET have been successfully used for the
non-invasive PET monitoring of retroviral, adenoviral and herpes viral vector-mediated
HSV-1-tk gene expression in various experimental rodent models (reviewed by [214,220–
223]. This method has been used in a phase I HSV-1-tk gene therapy trial investigating the
safety and potential therapeutic action of intratumourally infused liposome-plasmid DNA
complex followed by GCV administration [1,224]. After identification of biologically active
target tissue by multitracer PET, one or two catheters were stereotactically placed within the
tumour and subcutaneously connected to a port. This allowed targeted intratumoural infusion
of the cationic liposomal vector [225] containing an HSV-1-tk carrying plasmid. A
dynamic 124I-FIAU PET series acquired over 3 days was performed before gene transduction
to evaluate the basal state of 124I-FIAU accumulation in and washout from the tumour, and an
identical 124I-FIAU PET series was performed after vector application to dynamically
investigate whether specific 124I-FIAU accumulation did occur. GCV treatment was carried
out starting 4 days after vector infusion. Identification of target tissue before catheter placement
and treatment response were recorded by repeated MRI as well as 18F-FDG and 11C-MET PET
(Fig. 5). After vector administration, in one out of eight patients, specific 124I-FIAU-derived
radioactivity was observed within the vector-infused tumour (Fig. 5). Specific radioactivity
was localised at the infusion site within the centre of the tumour and demonstrated a significant
increase in the accumulation rate, Ki, of 124I-FIAU, from 0.000047 at baseline to 0.000096
ml/min/g after vector administration (two-compartment model), and an increase in tissue/
plasma radioactivity ratios over time (Patlak analysis)—both of these parameters being
indicators for specific radiotracer trapping and, hence, HSV-1-tk expression. After GCV
treatment, 18F-FDG and 11C-MET PET demonstrated signs of necrosis within the volume of
specific 124I-FIAU trapping, this being indicative of the HSV-1-TK-mediated therapeutic
response. The overall therapeutic effect was apparently limited to a portion of the tumour. In
the seven other patients, no specific FIAU accumulation was observed. In contrast to the patient
with specific 124I-FIAU accumulation, histology in these patients exhibited a significantly
lower number of proliferating tumour cells per voxel; this indicates that the threshold of PET
detection is set by a certain critical number of tk gene-transduced tumour cells per voxel, so
that tk gene-related accumulation of 124I-FIAU can be measured and detected by PET.

Current research on imaging HSV-1-tk gene expression is focussing on: (i) methods for exact
quantification of HSV-1-TK expression [226], (ii) improved HSV-1-TK probes for PET
[227–229] and SPECT [230], (iii) translation of this imaging paradigm into other vector
systems [231], (iv) imaging follow-up in cancer therapy strategies [232–234], (v) imaging

Jacobs et al. Page 18

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2010 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transcriptional activation [235–237] and (vi) multimodal imaging by fusing the HSV-1-tk gene
with further imaging genes [238–242].

Issues to be resolved in the future
The following issues remain to be addressed with regard to imaging:

1. Development of improved markers which characterise the disease-specific molecular
events in vivo; here the most important challenge is to overcome the intact blood-
brain barrier.

2. Comparison of disease-specific molecular imaging markers in animal models for
neurological diseases and in corresponding patients.

3. Development of lipophilic marker substrates which pass the blood-brain barrier to
allow HSV-1-TK imaging in the intact brain.

4. Alternatively, development of new marker gene/marker substrate combinations
[243].

The following issues remain to be addressed in the future with regard to vectors and gene
therapy:

5 Innate inflammatory and adaptive immune responses to viral vectors in the CNS
[16,55,211].

6 The potential immunogenicity of transgenes and the induction of tolerance in gene
therapy [244–248].

7 Classification of patients according to unbiased molecular markers of disease when
performing clinical trials for GBMs. For example, new microarray studies of GBMs
show that there are two populations of patients, one with a rapid ‘typical’ progression
and a second long-term survivor group that survives for up to 3 years; the
impossibility of differentiating tumours from either group by any other means
indicates that tests like these need to be used in the choice of patients for clinical
trials [249–251].

8 Classification of patients according to biased molecular markers of disease when
performing clinical trials for GBMs. For example, new drugs acting on selective
signal transduction pathways will require that only patients with alterations in
particular pathways are entered into trials testing such new drugs; this will increase
the rate of success for the right patients and eliminate useless trials for others
[250–254].

9 Establishment of proper baseline studies of the natural history of the progression of
neurodegenerative diseases [255]: if subgroups of patients progress with different
time courses, experimental therapies will provide mixed and unclear results.

10 Accept the potential short-term use of immunosuppressants when administering
gene therapy to the brain [256].

Frequently asked questions
1. Which molecular imaging technology should I use?

There is no “best” imaging technology. Each of the imaging technologies has certain
advantages and disadvantages. In forthcoming years, imaging platforms will be
created where all of the imaging technology is available to combine the advantages
of each technology (e.g. high spatial resolution for MRI; high sensitivity for PET and
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optical imaging; direct link to the knowledge of cell biology for optical imaging) for
the purpose of multimodal imaging assessment.

2. Will we perform molecular imaging in every patient?

It is not possible to conduct imaging in each individual patient. Multimodal molecular
imaging will be performed in the transition from experimental to clinical application.
It ideally should be included in phase I/II clinical trials to acquire additional
information on the safety and efficiency of a new diagnostic or therapeutic paradigm.
In phase III trials only subsets of patients will be able to receive imaging, and once
efficiency is established, imaging should not have to be performed on a routine basis.
Ideally, it will be possible to correlate disease-specific imaging parameters with
soluble biomarkers.

3. Which is the best vector?

There is no ‘best’ vector. There are only very good vectors, and vectors that are either
suitable or unsuitable for the questions being addressed.

4. Which is the best transgene to use?

Again, there are no ‘best’ transgenes. There are good transgenes, and the most
important issue remains in which model to test them.

5. I was sent a vector and I only see toxicity in the brain: What should I do?

Send the virus back. Ask your collaborators to prepare a novel clean preparation and
to provide you with the quality control, such as endotoxin content and presence of
replication competent vector and other contaminants.
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Fig. 1.
MRI and PET parameters used in the assessment of acute cerebral ischaemia. In a, diffusion-
weighted imaging (DWI) depicts the area reflecting the core of infarction, perfusion-weighted
imaging (PWI) reveals hypoperfusion in the territory of the middle cerebral artery (MCA),
which is larger than the DWI lesion (mismatch), and time of flight (TOF) angiography shows
a proximal occlusion of the MCA, which is perfused by leptomeningeal anastomoses. In b,
cerebral blood flow (CBF) is measured by 15O-H2O PET, demonstrating hypoperfusion in the
posterior portion of the MCA territory. By virtue of an increase in the oxygen extraction fraction
(OEF), the cerebral metabolic rate of oxygen (CMRO2) as measured by 15O-O2 PET is still
intact. This hypoperfused tissue, which is functionally disturbed but still viable, is the classic
definition of penumbra [3]
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Fig. 2.
18F-FDG PET in AD and differential diagnosis of AD from other forms of dementia. In AD
(a), the typical areas of hypometabolism (posterior cingulate, parietotemporal and
temporomesial cortices) are depicted. In b, differentiation from vascular dementia (VD), Lewy
body dementia (LBD) and frontotemporal dementia (FTD) is depicted
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Fig. 3.
Typical features of multi-tracer PET for the differential diagnosis of movement disorders. In
early PD (H&Y 2), glucose metabolism is preserved, striatal 18F-DOPA uptake is decreased in
the posterior putamen contralateral to the affected side and post-synaptic D2 receptor
expression is upregulated. In advanced PD (H&Y 4), both sides are affected, and
decreased 18F-DOPA uptake is no longer confined to the posterior putamen. In multiple system
atrophy (MSA-P), impaired glucose metabolism, impaired striatal 18F-DOPA uptake and
reduced 11C-raclopride (RACLO) binding are suggestive of a generalised neurodegenerative
process. MRI does not show gross abnormalities
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Fig. 4.
Parameters of interest in the non-invasive diagnosis of brain tumours. Alteration of the blood-
brain barrier and the extent of peritumoural oedema are detected by MRI. Signs of increased
cell proliferation can be observed by means of multitracer PET imaging using 18F-FDG, 11C-
MET and 18F-FLT as specific tracers for glucose consumption, amino acid transport and DNA
synthesis, respectively. Secondary phenomena, such as inactivation of ipsilat-eral cortical
cerebral glucose metabolism, may be observed (18F-FDG) and are of prognostic relevance.
Gd gadolinium. (With permission from [257])
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Fig. 5.
Multimodal imaging for the establishment of imaging-guided experimental treatment
strategies. Co-registration of 124I-FIAU, 11C-MET and 18F-FDG PET and MRI before (left
column) and after (right column) targeted application (stereotactic infusion) of a gene therapy
vector. The region of specific 124I-FIAU retention (68 h) within the tumour after LIPO-HSV-1-
tk transduction (white arrowhead) resembles the proposed “tissue dose” of vector-mediated
gene expression and shows the signs of necrosis (cross in right column; reduced methionine
uptake and glucose metabolism) after GCV treatment. Only such multimodal and multitracer
imaging modalities will help us to establish the clinical application of new treatment modalities.
(With permission from [1])
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Table 2

Advantages and disadvantages of viral vectors for gene therapy

Virus Maximum capacity Advantages Disadvantages

Adenovirus 8 kb Broad cell tropism, infection of dividing and non-dividing cells,
  easy to produce at high titres

Inflammatory and immune responses,
  transient expression

HD-Ad 36 kb Broad cell tropism, infection of dividing and non-dividing cells,
  less inflammatory and cellular immune response,
  longer term transgene expression

Difficulties in large-scale
  production

AAV 5 kb, 10 kb
  (concatamers)

Broad cell tropism, infection of dividing
  and non-dividing cells, integration into host genome

Difficulties in producing pure
  preparations at high titres,
  discrete immune response

HSV-1 30150 kb Broad cell tropism, latency in neurons, very stable Highly toxic

Lentivirus 10 kb Infection of dividing and non-dividing cells,
  integration into host genome

Toxic if not packaged as helper
  virus-free amplicons
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Table 3

Possible disadvantages among gene transfer vehicles in gene therapy

Vectors

Adenovirus Host immune responses: inflammatory and cytotoxic reactions in patients and depletion of
  transduced cells

Host’s humoral immune responses may neutralise adenoviral vector particles during, or even
  before, the gene transfer processes

Not suitable for long-term expression of the transgene owing to the lack of integration into the
  host genome

Complicated vector genome

Helper-dependent adenovirus These vectors can only be grown in the presence of a helper virus and are not economic because
  of the production of low-level contamination with helper virus

In comparison with first-generation adenovirus, virus titres are much lower

AAV High titres of pure virus are difficult to obtain

AAV requires a helper adeno- or herpesvirus

This vector system is still not well characterised

Limited capacity for foreign genes (about 2– 4.5 kb)

Lack of specific integration for recombinant AAV vectors, which may result in cell mutagenesis

HSV-1 Host immune responses, inflammatory cytopathogenicity and neurotoxicity reactions in patients

Complicated vector genome

Difficult to produce

HSV-1-derived vectors could potentially reactivate latent wild-type HSV-1

Retrovirus Random insertion of viral genome, which may result in mutagenesis and activate oncogenes

Possibility of replication-competent virus formation by homologous recombination. Possible
  recombination with HERVs

Retroviral vector particles are rapidly degraded by the complement

Infects only dividing cells, small insert capacity (6.5 kb)

Vaccinia virus Widespread use of vaccinia as a live vaccine; however, depends on improving safety while
  achieving an even higher immune response to the recombinant protein

Microinjection It is difficult to introduce DNA on a scale large enough for biochemical analysis

Transfection (cationic liposomes or DNA
  protein complexes)

Targeting is not specific

Low transfection efficiency

Only transient expression

Difficult in vivo applications

Host immune responses, inflammatory reactions in patients if they express chimerical cell
  receptors on their surface or in the presence of unmethylated CpG sequences of bacterial
  plasmid DNA

AAV Adeno-associated virus, HSV herpes simplex virus, HERVs human endogenous retroviruses
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