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Summary
Gene therapy has been shown to be a powerful new approach to the treatment of brain diseases. Brain
neurodegenerations, brain tumors, inherited brain diseases, and autoimmune disorders are currently
recognized as proper targets for gene therapeutics. Advances in the development of viral vectors
(especially improvements in their immune profiles), the capacity to regulate transgene expression,
and identification of appropriate therapeutic constructs have made the transition into clinical trials
for gene therapy possible. One particular remaining challenge is the immune response that could be
raised against either the viral vectors themselves or any regulatory or therapeutic transgenes. Because
of the structure of brain immune responses, viral gene transfer into the brain can, under certain
circumstances, be invisible to the systemic immune response and thus not generate a deleterious
immune attack. If, however, the systemic immune system is primed against any vector antigen, the
systemic immune response eliminates transgene expression and thus curtails the therapeutic efficacy
of gene therapy. Mechanistic studies of brain immune responses indicate that the adaptive arm of the
immune system may indeed be able to kill transduced cells. To move neurological gene therapy into
the clinic in an effective and safe manner, these are the developments needed: novel viral vectors
that either display a reduced capacity to stimulate an adaptive immune response or become invisible
to the immune system after the delivery of the vector genome to the nucleus of transduced cells, and
ways either to steer the immune response away from cytotoxic responses or to induce tolerance to
gene therapy products.
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INTRODUCTION: GENE THERAPY FOR NEUROLOGICAL DISORDERS
The natural lifecycle of all viruses consists of 1) infecting target host cells, 2) transferring their
own genetic material into the host cells, 3) commandeering the host's cellular machinery to
express viral proteins, 4) virion assembly, and finally 5) release of new viral particles to
continue the cycle. The exquisite ability of viruses to carry their DNA into target cells and
express their virally encoded genes has made them a choice tool as vectors to transfer
therapeutic genes into diseased organs. Thus, over the past 20 years researchers have developed
the molecular techniques to transform pathogenic viruses into viral vectors, a genetically re-
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engineered replication-competent virus containing foreign therapeutic genes yet incapable of
causing viral disease. In most cases, viral genomes are genetically modified to remove genomic
sequences imparting replicative and pathogenic functions; however, some sequences from the
wild-type viral genome are maintained. Such vectors are usually referred to as first-generation
vectors. In oncolytic vectors, however, viral replication is redirected to tumor cells to
selectively kill them.

More recently researchers have developed viral vectors that have been deleted of all viral
protein coding sequences, retaining only those needed for genome packaging and replication.
Such vectors are grown in tissue culture and packaged into virions, using helper viruses. These
helper-dependent vectors have a larger capacity for transgenes and regulatory sequences and
for altered immune reactivity. The majority of these high-capacity helper-dependent or
amplicon vectors are derived from adenoviruses (HC-Ad) or herpes simplex viruses (HSV-1/
a). The viral vectors most frequently used are derived from adenoviruses, herpes simplex
viruses, and retroviruses. A comprehensive summary of most viral vector systems proposed
or currently used in gene therapy clinical trials is presented in TABLE 1.

Viral vector-based treatments of neurodegenerative diseases
Because treatment for chronic neurodegenerations such as Alzheimer's or Parkinson's disease
usually requires long-term delivery of a therapeutic agent, viral vectors are attractive candidates
for delivery of therapeutic genes to the diseased brain. Their long-term persistence, high levels
of expression, and ability to infect tissues of the central nervous system (CNS) make viral
vectors ideal for the treatment of neurodegenerative diseases. The following is a brief summary
of various gene therapy strategies to treat neurodegenerative diseases, including results from
human clinical trials using gene therapy as a therapeutic agent.

Alzheimer's disease
Alzheimer's disease (AD) is characterized by deposition of extracellular β-amyloid plaques,
intracellular neurofibrillary tangles, synaptic loss, and neurodegeneration with symptomatic
presentation including progressive cognitive decline and memory loss. No early diagnosis is
currently possible, and the only approved treatments use cholinesterase inhibitors to delay the
onset of memory loss without substantially altering disease progression. Most proposed gene
therapy approaches aim to reduce amyloid plaques and tangles or introduce neurotrophic
factors to reduce the death of brain cells.

Immunization against β-amyloid to target amyloid deposits in the brain has also been attempted.
Initial clinical trials of this approach encountered serious side effects, such as brain
inflammation (including increased microglia activation, macrophage recruitment, and T cell
infiltration), which forced the cessation of this trial. Brain inflammation was most likely the
result of a T-cell inflammatory response caused by T cells specific for β-amyloid, the
intraparenchymal epitope target of the T cells. As a consequence, the immunogen utilized is
being engineered to avoid the activation of T cells while maintaining a strong antibody response
that could help clear the amyloid load of the brain.

The recent discovery of mutations in the SORL1 gene that may underlie pathology in so-called
sporadic cases of AD could offer further direct avenues to manipulating the genetic causes of
the most common, nonfamilial form of AD.1 The neurotrophic activity of nerve growth factor
(NGF)2 has led to rescue-degenerating basal forebrain cholinergic neurons.3 However,
injections of NGF into the ventricles of patients with AD not only had no striking therapeutic
effects, but also had serious toxic effects, including pain and weight loss.4 In consequence, an
ex vivo gene therapy approach was developed that implants autologous fibroblasts transduced
ex vivo with retroviral vectors expressing NGF into the nucleus basalis of Meynert.5 A phase
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I/II dose-escalating, randomized study of an adeno-associated virus (AAV) vector encoding
NGF is currently ongoing.

Parkinson's disease
The second most common neurodegenerative disorder is Parkinson's disease (PD), which
occurs both in sporadic form and, far less commonly, in familial form. In patients suffering
from PD, there is a progressive loss of dopaminergic neurons in the substantia nigra and other
brain stem nuclei. There are ∼400,000 dopaminergic neuron cells in the human midbrain.6
Patients with PD suffer from various motor impairments, including resting tremor,
bradykinesia, and rigidity, as well as balance problems, autonomic nervous dysfunction, and
(at late stages) cognitive and psychiatric symptoms. Currently, there are 11 gene loci linked to
the familial form of PD, named PARK1 through PARK11, and genes have been identified for
six of them: SNCA, Parkin, UCH-LA, Pink1, PARK7, and LRRK2.7

In the past 10 years, gene therapy approaches for PD have developed in three main directions:
1) transduction of multiple genes essential for the synthesis of dopamine, to restore dopamine
levels; 2) transduction of genes encoding growth factors, differentiation factors, transcription
factors, and antiapoptotic proteins, to prevent ongoing neurodegeneration of nigrostriatal
dopamine neurons; and 3) improvements and further developments of vector and promoter
systems to reduce toxicity, modulate immune responses, increase longevity of expression, and
regulate transgene expression.

A clinical trial for PD, ongoing in 2007, uses an AAV vector encoding the therapeutic glutamic
acid decarboxylase gene (GAD) to manage the tremors associated with late-stage PD. This
therapeutic approach aims to stimulate an inhibitory GABA-ergic pathway after gene transfer
of GAD into the subthalamic nucleus.8,9

An AAV vector carrying the therapeutic gene aromatic-L-amino-acid decarboxylase (AADC)
is being evaluated in clinical trials combined with the administration of L-dopa, the current
standard of care for the treatment of the dyskinesia associated with PD. Outstanding efficacy
was observed in nonhuman primates when AAV-mediated gene transfer of AADC was
combined with gene transfer of tyrosine hydroxylase (TH) and GTP cyclohydrolase I (CH1)
encoded on two other AAV vectors.10 To circumvent the small cloning capacity of AAV
vectors, a lentiviral vector system encoding a tricistronic expression cassette containing all
three therapeutic genes is currently under development for human clinical trials.11

Neuroprotective gene therapy should be especially useful in early PD stages, when a significant
number of nigral neurons could still be protected from further degeneration. It has been shown
that gene transfer of glial cell-derived neurotrophic factor (GDNF),12 brain cell-derived
neurotrophic factor (BDNF),13 the neurodifferentiation factor sonic hedgehog,14 the
transcription factor Gli,15 and neurturin16 protect nigrostriatal neurons from neurotoxic insults
in rat and primate models of PD. For potential clinical application, uncertain consequences of
long-term growth factor expression, such as downregulation of TH17 and questions regarding
timing and regulation of therapy need to be addressed. A double-blind, phase II, open-label
study of an AAV vector encoding neurturin sponsored by Ceregene (San Diego, CA) is
currently in process and recruiting patients.18

Other paradigms of gene therapy for PD that are currently being tested in animals models
include the transduction of dopaminergic neurons with JNK-interacting protein 1 (JIP-1), sonic
hedgehog, a secreted neurodifferentiation factor,19 apoptosis protease activating factor 1
(Apaf-1)20 dominant negative inhibitor, neuronal apoptosis inhibitor protein (NAIP),21
Hsp70,22 and Parkin.23
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IMMUNE RESPONSES AGAINST VIRAL VECTORS USED IN GENE THERAPY
Innate immune responses and gene therapy as pharmacology

Although gene therapy uses disabled viruses, the virions themselves can still cause acute dose-
dependent inflammation, including microglial activation, macrophage recruitment, and
antigen-nonspecific T-cell infiltration. The reason is that viral vectors are packaged into
identical capsids as wild-type viruses. Initial inflammatory responses against viruses are
usually caused by the interaction of viral capsid proteins with specific innate immune receptors,
such as Toll receptors. The structure of the immune system of the brain is such that injection
of viral vectors into the brain stimulates innate inflammatory responses without necessarily
inducing a linked systemic adaptive immune response.

Detailed dose–response studies have shown that inflammatory responses to adenovirus are
strictly dose-dependent. In one study, Thomas et al.24 studied the short-term (3 days) and long-
term (30 days) inflammatory consequences of administering increasing doses of adenoviral
vectors delivered in small volumes, injected directly into the striatum of mice. A limited (small
volume), and small dose of an infectious particulate antigen, such as the viral vectors, delivered
directly into the brain parenchyma will not stimulate the systemic adaptive immune response.
Such systemic immune ignorance is thought to be due to the very limited, if any, availability
of vector antigens to the general systemic circulation and lymphoid organs, and thus, the lack
of priming of an adaptive antivector immune response.

In the studies performed by Thomas et al.,24 vector doses from 106 to 109 infectious units (i.u.)
were injected directly into the striatum. Cellular inflammation (i.e., microglia activation,
macrophage infiltration, antigen-nonspecific T cell recruitment) and transgene expression were
monitored over time. At a short time after vector injection (3 days after), β-galactosidase
expression was detected in brains injected with 106i.u. Expression levels increased with
escalating doses until reaching a plateau at 108 i.u.. Cytotoxicity increased in parallel with
increasing doses of vectors injected. Local cytotoxicity was minimal at doses less than 108 i.u.
(the plateau dose for expression), but after the injection of 109 i.u. (the highest dose) there was
a substantial loss of immunore-activity for the astrocyte marker GFAP and the neuronal marker
NeuN, suggesting a loss of both astrocytes and neurons. Notably, 1 × 109 i.u. of heat-inactivated
adenoviral vectors failed to cause any significant frank brain inflammation or leukocyte
infiltration. This demonstrates that acute toxicity is indeed caused by intact viral particles, but
not the virion proteins or DNA itself.

With longer periods of time (in this case, 30 days after the injection of vector into the striatum),
doses of vectors that at 3 days showed increased inflammation in the form consisting of
increased markers for monocytes and lymphocytes had a corresponding decrease in transgene
expression at 30 days, in the form of reduced transgene expression at 108 i.u. and no expression
after injection of 109 i.u.. At doses of 106 and 107 i.u., however, there was no decrease in
transgene activity at 30 days.

The cytotoxicity at the dose of 109 i.u. was caused by acute inflammatory induced cell death,
as evidenced by the increase of apoptotic cells detected by TUNEL staining. Concomitant to
the brain cell loss, Thomas et al. 24 detected a corresponding increase in persistent brain
inflammation and activation of microglia, and continued presence of monocytes and
leukocytes. The long-term persistence of macrophages and CD8+ T cells and the increased
expression of major histocompatibility complex class 1 (MHC-1) expression correlated
directly with acute cytotoxicity. There was also a positive correlation between short-term and
long-term (>30 days) brain cellular inflammation and long-term loss of transgene expression
from adenoviral vectors at the 109 i.u. dose.
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Conversely, when brains injected with noncytotoxic doses (i.e., <1 × 108) were examined 30
days later, any initial inflammatory mononuclear cell infiltration and microglia activation had
completely resolved. This indicates that the acute innate inflammatory response caused by
adenoviral vectors in naïve animals is dose-dependent, transient, and self-limiting and that it
provides therapeutically acceptable levels of transgene expression without any long-term
inflammation, monocyte recruitment, or cytotoxicity at doses less than 1 × 108.

In follow-up work, Zirger et al.25 demonstrated that interferon-regulated and chemokine
mRNAs did not increase at the noncytotoxic doses of Thomas et al.24 This work also used
increasing doses of adenovirus, from 105 to 108, and observed an increase in αβ-interferon-
regulated genes such as OAS, IRF1, and PKR (EIF2AK2); and chemokines, such as RANTES
(CCL5), MCP-1 (CCL2), and interferon-γ (IFNγ)-inducible protein 10, were only significantly
increased at the dose of 108 i.u., thus, above the threshold established for activation of local
microglia, and recruitment of circulating mononuclear cells, established by Thomas et al.24
Moreover production of mRNAs for αβ-interferon-regulated genes and chemokines was
transient with expression of most mRNAs returning to baseline by 7 days after injection into
the brain. This indicates that innate inflammatory responses to adenovirus (i.e., increase in
expression of interferon-inducible genes, and chemokine genes) are dose-dependent; above a
particular threshold the injection of adenoviral vectors increases expression of chemokines and
induces local cytotoxicity. Once this inflammatory threshold is crossed, long-term, potentially
chronic (i.e., 6 months) brain inflammation ensues.26

The inflammatory threshold to adenoviral vectors injected into the brain is 1 × 108 i.u. Once
this threshold is crossed, increased expression of interferon-inducible and chemokine-encoding
genes, activation of local microglia, and recruitment of circulating monocytes and lymphocytes
occur. Injections of vector concentrations below this threshold do not cause any innate
increased recruitment of inflammatory cells to the brain, do not cause glial or neuronal toxicity,
do not cause an increase in expression of interferon-regulated genes or chemokine genes, and
achieve long-term transgene expression for up to at least 1 year. The significance of this work
for the use of adenoviruses as vectors in gene therapy for neurological disorders is the
demonstration that the dose-dependent increased inflammatory gene expression or recruitment
of inflammatory cells caused by adenovirus must be taken into account when planning
experimental or clinical trials.

This work also highlights the crucial importance of preparing high-quality viral vectors. Errors
in the titration of these vectors (i.e., mistakes in the calculation of the amount of vectors injected
into the brain) will have serious, deleterious consequences for long-term therapeutic transgene
expression in the brain. At the right dose, adenoviruses are very effective therapeutics vehicles
for gene therapy in the brain, as seen in experimental animal models for Parkinson's disease
and Alzheimer's disease, as well as other neurodegenerations.

Structure of the brain immune system
Brain immune reactivity is contingent on antigen reaching one or both of two fundamentally
different immune compartments: 1) the brain ventricles, choroid plexus, and meninges and 2)
the brain parenchyma. Like the immune system of other organs, the brain ventricles, meninges,
and choroid plexus contain all the cellular, vascular and lymphatic components necessary for
immune reactivity. Dendritic cells (DC), which are the main cell type capable of inducing
primary T-cell responses, are found within the meninges, choroid plexus, and CSF under
noninflammatory conditions.27,28 Antigens within the meninges, choroid plexus, and CSF
can be captured by DCs, triggering their migration to the cervical lymph nodes (CLN), which
are the primary lymph nodes draining the brain and CSF.29 The brain parenchyma, however,
whose endothelial cells form a tight diffusion barrier—the blood–brain barrier—is devoid of
DC in its naïve state and lacks classical lymphatic drainage.30 In addition to these structural
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differences between the two compartments, there are a number of molecular mechanisms by
which the brain parenchyma dampens local intraparenchymal immune reactivity.

Administration of antigens into either immune compartment of the brain illustrates the
profound differences in their immunoreactivity. Injection of a particulate antigen or infectious
agent (e.g., live influenza virus, bacille Calmette-Guérin [BCG], or nonreplicative adenoviral
vectors) exclusively and selectively into the brain parenchyma causes innate inflammatory
responses, but fails to stimulate systemic adaptive immune responses.31-33 By contrast,
injection of the same type of antigen into the ventricular system induces both an innate
inflammatory and a systemic adaptive immune response.32-34 Injection of a diffusible antigen,
however, one that can easily diffuse between compartments (e.g., ovalbumin [OVA]), does
induce a systemic B-cell response.35 An explanation for differential priming of lymphocytes
in the distinct CNS compartments may reside in the inability of particulate antigen to drain
from the brain parenchyma, either through a cellular or diffusible route. Thus, particulate
antigens injected into the brain parenchyma cause local microglial activation, but are never
transported to the lymph nodes to prime a systemic immune response. Soluble antigen can
diffuse from the brain to the ventricles and thus eventually reach the lymph nodes, where it
will stimulate a systemic immune response.

This differential immune reactivity is thought to reside, at least in part, in the distribution of
DC. The DC localize predominantly to lymphoid tissue, where they take up antigen, and mature
into potent antigen-presenting cells (APC). Alternatively, they acquire antigen at inflamed sites
and traffic back to lymphoid tissue to activate T cells.36 Recent data have also suggested that
monocytes recruited to sites of acute inflammation can acquire the phenotype of DC and present
antigen to primed T cells, thus propagating T-cell responses.37 DC uptake of foreign antigen
in the ventricular system is likely to trigger migration of DC to the CLN. Alternatively, antigens
could drain from the brain directly into deep CLN, although this theoretical possibility remains
to be formally proven.

Irrespective of the antigen transport and delivery mode, naïve T cells are primed in the CLN,
expand, and traffic to the site of insult, where they exert effector function upon antigen re-
encounter. Thus, although DC can enter the CNS parenchyma to activate the function of
infiltrating T cells during infectious, toxic, or tumor-induced inflammation, the initial
activation of naïve T cells preceding disease onset likely occurs in the CLN. A potential role
has been proposed for DC in presenting antigenic epitopes to naïve T cell clones during chronic
inflammation in diseases such as MS or in viral demyelinating disease models.38 Local
lymphoid-like structures that could serve to sustain such signals and could provide the
necessary anatomical organization to do so are currently being examined in greater depth.39

Adaptive immune responses against adenoviruses injected into the brain
Because of the particular structure of the brain immune system, careful injection of
noninflammatory doses of nonreplicating viral vectors into the brain provides long-term
therapeutic transgene expression in the brain and achieves therapeutically effective transgene
expression in experimental models of animal disease. If, however, the viral vectors reach the
peripheral organs or the systemic circulation, then a systemic, adaptive, anti-adenoviral
immune response ensues that can almost completely eliminate transgene expression from the
brain. In this case, T cells are the main cells responsible for eliminating transgene expression
from the brain. T cells are highly efficient at eliminating transgene expression from the brain,
being able to recognize an injection of as little as 1 × 103 i.u. of vector (equivalent to 1000
transduced cells).40

If animals have been injected with adenovirus into the brain and subsequently immunized
against adenovirus within 30−60 days, transgene expression in the brain will have been reduced
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to 50−100%. Barcia et al.40 demonstrated that an adaptive immune response was able to
eliminate transgene expression from as little as 1000 i.u. injected into the brain. For these
experiments, increasing concentrations of adenovirus were injected into the brain, followed by
a systemic immunization against adenovirus. The systemic immune response induced was able
to eliminate transgene expression from doses that ranged from 103 to 107 i.u. injected into the
brain. That the immune system could eliminate expression from as little as 1000 infected cells
to the brain indicates the high efficiency by which the adaptive immune system can eliminate
transgene expression from the brain.

Further experiments by Barcia et al.41 and Zirger et al. (personal communication) have shown
that CD8+ T cells and CD4+ T cells are necessary for immune-mediated elimination of
transgene expression from the brain. Studies by Barcia el al.40 have also shown that the
elimination of transgene expression is independent of the promoter used to drive transgene
expression: whether viral, housekeeping, or cell type specific promoters are used to drive
transgene expression, the immune system can eliminate transgene expression from all of these
promoters.

These issues would appear to provide a fatal blow to the use of adenoviral vectors in gene
therapy; however, only first-generation adenoviral vectors were used in these experiments.
New generations of viral vectors have been produced recently, high-capacity, helper-dependent
adenoviruses (HC-Ad) that allow the insertion of up to 30−34 kb of transgenic sequences. Most
important, the genomes of these vectors do not encode any viral proteins. The genomes of these
high-capacity, helper-dependent adenoviral vectors thus do not produce any adenoviral protein
that could be recognized as antigenic epitopes by the immune system.

In a series of articles, Thomas et al.,24,42 Xiong et al.,43 O'Neal et al.,44 Mian et al.,45 Parks
et al.,46 Maione et al.,47 and others48 have now demonstrated that, even in the presence of
immunization against adenovirus prior to injection of HC-Ad into the brain, transgene
expression from these viruses remained stable, and was shown to persist for up to 1 year. These
vectors could therefore be used even in human patients that have been pre-exposed to
adenovirus before being subjected to gene therapy.

Are HC-Ad vectors completely immune to the adaptive arm of the immune system? Once the
genome of these viruses has reached the nucleus, they are. Before they infect the cells, however,
the viral capsid of these vectors could of course be neutralized by anti-adenovirus antibodies.
Nonetheless, the adaptive arm of the immune system, the T cells, would have a very short
period of time during which they can recognize cells infected with HC-Ad, if capsid proteins
were transiently presented on MHC Class 1 molecules. Such proteins would be provided only
by the capsid, however, and because the genome of these vectors does not encode for any of
these viral proteins, once these proteins from the viral capsid have been metabolized, this vector
effectively becomes immune to the antiviral T cells. Further engineering of these vectors shows
that adenoviruses are effective vehicles for long-term therapeutic transgene expression in the
brain.

What causes loss of transgene expression?
Although it is clear that the adaptive immune response can clear transgene expression from the
brain, how it does so, and what the consequences are to the transfused cells, has not yet been
determined in sufficient detail. In theory, two main possibilities could account for the loss of
transgene expression. On the one hand, T cells could selectively turn off transgene expression
from transduced cells, through the secretion of effector molecules such as IFNγ. Alternatively,
T cells could eliminate transgene expression by killing transduced cells.
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The consequences of the particular mechanism of clearance of virally transfused cells are
important because if T cells merely block expression from the viral genome, no anatomical
damage is being done. If, however, T cells eliminate transgene expression by killing transduced
cells, the consequences to gene therapy would be more serious. To date, work done in various
laboratories remains inconclusive on this issue.

The issue may be more complicated than is initially apparent. If we take the literature on
immune response against brain viral infections as an example, we soon realize that most groups
hold the idea that the clearing of viral brain infections proceeds mainly through noncytolytic
mechanisms. Upon detailed analysis of the published data, however, it becomes apparent that
this conclusion is based mainly on an inability to detect cell death in the nervous system.
Because the number of infected or transduced cells is slightly at or below 5% for the total
amount of brain cells in any particular brain region, it is likely that the detection of a loss of
such a small percentage of brain cells would be difficult to detect experimentally. In addition,
the brain repairs itself rather effectively through glyosis. In this case, astrocytes are able to
divide and fill the space left by dead brain cells. Furthermore, any dead brain cells are quickly
phagocytosed by local microglial cells and possibly by incoming macrophages, thereby
keeping brain inflammation at a reasonable minimum.

The ultimate consequences of the mechanisms of elimination of transgene expression are
important. If the immune system turns off transgene expression, no permanent anatomical
damage occurs. However, if the immune system kills transduced cells, the underlying disease
could worsen. Therefore, the mechanisms by which the immune system abolishes transgene
expression from transduced brain cells need to be firmly established.

Cell biology of brain immune responses
Until now, intercellular interactions between immune cells and target brain cells have been
mostly extrapolated from studies of each cell type at the population level. Thus, there is
relatively little information on the in vivo cell biology of T cell interactions with individual
infected brain cells studied at the single-cell level. Over the last 10 years, immunological
synapses have been characterized as the cellular substrate of intercellular communication in
the immune system. Immunological synapses that form at the junction between T cells and
antigen presenting cells consist of a rearrangement of membrane proteins (intercellular
adhesion molecules such as ICAM-1, and T cell antigen receptor [TCR]) and intracellular TCR
downstream signaling tyrosine kinases, as well as cytoskeletal structures and intracellular
organelles of the secretory pathway of the T cells.49-56 Although various types of
arrangements of T cell proteins have been found at these intercellular junctions, a canonical
structure, known as the mature (or Kupfer-type) immunological synapse, has been described
as consisting of the following arrangement: a peripheral supramolecular activation cluster (p-
SMAC) comprising a ring of adhesion molecules that anchor the membrane of the T cell to the
membrane of the APC and a central SMAC (c-SMAC) with a higher concentration of TCR
and signaling molecules. Immunological synapses have been described for both CD4 and CD8-
T cells and natural killer (NK) cells in contact with various types of APCs (e.g., dendritic cells,
B cells, or target cells).

In a contribution toward understanding the cellular basis of neuroimmune interactions in the
brain in vivo, it was recently shown that anti-adenoviral CD8 T cells infiltrate the brain and
form Kupfer-type mature immunological synapses with MHC-1 expressing astrocytes.40,57
These immunological synapses were characterized through the formation of the classical
supramolecular activation clusters (SMACs), which constitute the hallmark of immunological
synapses (FIG. 1). In this model, a nonreplicating adenoviral vector was used to target
predominantly astrocytes in the rat brain, resulting in a fixed number of astrocytes harboring
viral genomes. This virus is replication-defective and thus cannot directly kill infected cells.
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Because the parenchymal CNS infection itself does not induce significant mononuclear cell
infiltration, nor upregulation of inflammatory mediators, nor a systemic anti-adenoviral
immune response, the systemic anti-adenoviral immunization was induced with a different Ad
vector injected systemically. Systemic anti-adenoviral immunization triggered a systemic anti-
adenoviral immune response, which led to overt full-blown brain inflammation. This
inflammation consisted mainly of an infiltration into the brain parenchyma of CD8 T cells and
macrophages and a perivascular infiltration of CD4 T cells.

The systemic anti-adenoviral immune response resulted in a significant reduction in the number
of brain astrocytes that express adenoviral proteins, and a concomitant reduction in the number
of viral genome copy numbers present in the CNS. Loss of infected cells was dependent on
both CD4 and CD8 T cells. The presence of CD8 T cells within the brain parenchyma suggests
the operation of direct cytolytic mechanisms in the elimination of infected cells. Although no
direct evidence for apoptotic astrocytes was obtained, macrophages containing remains of
infected astrocytes were found throughout the area of the brain that had been cleared of infected
cells. This suggests that the formation of immunological synapses may represent the
microanatomical substrate underlying CD8 T cell effector functions in the CNS, and mediate
the antiviral clearing of CD8 T cells.

The importance of these studies is the demonstration that immunological synapse do indeed
form in vivo in the brain during the clearing of virally infected astrocytes by the adaptive
immune response. Their in vivo description in the context of an antiviral immune response
highlights their physiological role as the structure underlying neuroimmune interactions in
vivo. Also, the existence of immunological synapses in the brain during the clearing of virally
infected brain cells opens up the examination of neuroimmune interactions and pathways at
the single-cell level.

Implications of the experimental study of immune responses against adenoviral vectors for
gene therapy for neurodegeneration, brain tumors, viral infections, and autoimmune disease
in the brain

For the last 10 years, various research groups have shown that immune responses against
adenoviral vectors can be deleterious for brain structure in function, eventually leading to the
loss of transgene expression and brain cell death. The evidence suggests that the T-cell response
can identify infected cells in the brain and either eliminate them physically or functionally.
Further evidence has accumulated in at least two species that T cells can actually eliminate
vector-transduced brain cells. Should these data be correct, the logical conclusion would be to
avoid using such vectors in clinical gene therapy trials. However, it is difficult to compare
immune responses across species. Further complications arise from trying to gauge the strength
of the immune response in humans who may have been exposed to wild-type adenovirus
decades before being exposed to the gene therapy. Although the threat of a deleterious immune
response remains, it is almost impossible to model such responses in experimental animal
species in a way that establishes credible expectations for translating these experiments into
humans.

Two options remain. Either experiments are performed in humans with no prior exposure to
adenovirus, or in those in whom no such a response can be detected, or novel vectors must be
developed specifically for use in clinical trials. The first option retains the threat of an immune
response that, at a minimum, may eliminate therapeutic transgene expression and, at a
maximum, may compromise normal brain tissue, thereby worsening the underlying disease.
The second option is more complicated, but a number of novel viral vectors exist with a much
more favorable immune profile. Within the area of adenoviral vectors, the vector structure of
HC-Ad is such that, after established gene transfer, no antigenic viral epitopes remain within
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infected cells; barring the development of an immune response against the therapeutic
transgene, these vectors are effectively invisible to the immune system.

The discovery of immunological synapses has opened up experimental exploration of
intercellular interactions during brain immune responses, both during autoimmune or
infectious immunopathology, as during antivector immune responses. Work in this area
indicates that the immune cells may well be capable of eliminating viral vector–transduced
cells. Although this work permits a much more detailed understanding of the cellular
mechanisms underlying immune clearing of infected cells and tumor cells from the brain, it
also suggests the use of alternative vectors in gene therapy, vectors that (at least to the best of
our current understanding) would remain invisible to a cytotoxic immune response. This may
delay the implementation of clinical trials, but it will speed achieving clinical safety and
efficacy of gene therapies for the treatment of brain diseases.
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FIG. 1.
Supramolecular activation cluster (SMAC) formation at immunological synapses in vivo,
between T cells and infected astrocytes in the brain. (A–F) Confocal images of nuclei stained
with 4′, 6-diamidino-2-phenylindole (DAPI; blue), leukocyte function-associated antigen 1
(LFA-1 immunoreactivity; red), T cell antigen receptor (TCR; green), and the virally infected
cell (thymidine kinase [TK]; white). Scale bars = 15 μm. In (F), the yellow asterisk indicates
the location of the T cell in close apposition to the infected astrocyte and yellow arrows indicate
structures apparently surrounding the T cell. (G,H) Low (G) and high (H) magnification of the
immunological synapse.. (I) Graphic representation of the intensity of fluorescence measured
at the interface—indicated by the yellow arrow in (H)—of the immunological synapse. The
relative intensity of fluorescence of LFA-1 (red) and TCR (green) shows the expected
distribution, with more intense LFA-1 staining toward the outer p-SMAC and stronger TCR
in the central c-SMAC. (J) A three-dimensional (3D) reconstructed image illustrates the
characteristic structure of the peripheral p-SMAC (outer LFA-1 ring) and central c-SMAC
(inner TCR cluster) of the mature Kupfer-type immunological synapse. The image shown in
(J) was rotated so that the plane of the interface of the immunological synapse, indicated by
the broken yellow arrow in (H), could be observed from above; the white arrow in (H) shows
the angle of vision of the 3D reconstruction in (J). (K) A diagrammatic view of a T cell
contacting an infected astrocyte illustrates the localization of molecules involved in the
immunological synapse, as well as polarized phosphorylated tyrosine kinases, a consequence
of TCR engagement of cognate antigen being presented on major histocompatibility complex
MHC-I on the surface of astrocytes. (Modified from Barcia et al.41 [J Exp Med 2006;203:2095
−2107].)
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