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REVIEW

AAV for pain: steps towards clinical translation
AS Beutler and M Reinhardt
Department of Medicine (Hematology/Oncology), Mount Sinai School of Medicine, New York, NY, USA

Recombinant adeno-associated virus (rAAV) vectors consisting of self-complementary genomes and packaged in
certain capsids can target primary sensory neurons efficiently and can control neuropathic pain long term by
expressing opioid or non-opioid analgesic genes. This review
examines the therapeutic potential of the approach in five
sections: Pain control in oncology (including a discussion of
cancer centers as translational pain research environment);
vector biology; safety considerations and immunological
lessons learned from rAAV clinical trials of other disorders;
development of intrathecal rAAV therapy in rodent models of

pain; and preclinical steps towards clinical translation of
rAAV for pain. In the field of analgesic drug development,
clinical validation of new approaches identified in rodents is
currently a critical limiting step. Small-molecule therapeutics
suitable as conventional drugs to probe novel targets in
clinical trials are often unavailable. In this context, gene
therapy could fill an important gap in the drug development
process facilitating first-into-human trials of untested targeted
treatments, each instantiated as a therapeutic gene.
Gene Therapy (2009) 16, 461–469; doi:10.1038/gt.2009.23;
published online 5 March 2009
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Intro d u ctio n

‘Intra cta ble’ p ain fro m a d v a n c e d c a n c er

Some recombinant adeno-associated virus (rAAV) vectors (that is, consisting of self-complementary genomes
packaged in certain capsids) can target primary sensory
neurons efficiently and control neuropathic pain long
term by expressing opioid or non-opioid analgesic genes.
Pain gene therapy with rAAV has to date been tested
only in rodents. Yet, rAAV gene therapy of the retina and
of other central nervous system (CNS) disorders has
recently been tested in humans yielding promising
results and thereby providing guidance, how this class
of vector could be developed into a translational
platform for clinical pain research. This review is divided
into five sections. We will begin by offering a rationale
for analgesic rAAV gene therapy focusing on the clinical
challenge of intractable pain from advanced cancer, a
likely focus of initial clinical trials. We will then provide
an overview of rAAV vector biology referencing many of
the reviews on the subject published in a recent special
issue of this journal. We will then consider the safety of
rAAV vectors and will provide a summary of recent
rAAV clinical trials (for other CNS disorders) in that
context. From there we will proceed by presenting our
work on intrathecal (IT) rAAV vector development and
studies in chronic neuropathic pain along with a
discussion of earlier attempts by others and of the
challenges that were encountered. Finally, we will
propose a pathway of preclinical-to-clinical translation
steps.

Prevalence of chronic pain
Chronic pain from all causes is common. The National
Institutes of Health states in a current program
announcement: ‘Pain is a critical national health problem. It is the most common reason for medical
appointments, and costs this country over $100 billion
each year in health care and lost productivity. Chronic
pain affects more than 50 million Americans per year.
Pain often results in disability and, even when not
disabling, it has a profound effect on the quality of life.1’
Among patients with cancer (unselected population)
460% suffer from chronic pain.2–4 Pain treatment
frequently fails even when the circumstances of care
delivery are optimal, such as attentive, well-trained
physicians; ready access to opioids; use of adjuvant
analgesics; availability of patient-controlled analgesia;
and evidence-based use of procedures like nerve blocks
and IT pumps. Studies report rates of failure to control
pain in cancer patients of 12–66%.5–8 The lower analgesic
failure rates (12–14%) apply to ‘all comers’; the higher
analgesic failure rates apply to patients with advanced
solid tumors referred to pain specialists. Public interest
in this health issue is considerable. ‘Pain Control in
Advanced Cancer’ was ranked among the top 20 healthcare priorities by the Institute of Medicine in the 2003
report ‘Priority Areas for National Action’.9 For these
areas, chronic pain, especially from advanced cancer, is a
medical problem warranting research on novel agents,
including highly experimental approaches such as gene
therapy.
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Failure of analgesic therapy
Opioid drugs like morphine are the mainstay of
treatment for most severe chronic pain states, including
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cancer pain. Their increased use has generally improved
outcomes.10–13 However, opioids fail in a significant
number of patients due to side effects. Recent studies in
cancer pain patients report failure rates of 12–66% for
medical pain therapy.5–8 To elucidate causes of pain
treatment failure, Weiss et al.8 studied the attitude of
patients with severe pain (including cancer- and noncancer pain states) towards their prescribed opioid
doses. Of 514 patients treated for pain, 73% experienced
moderate to severe pain. Yet, 60% of this group (that is,
those with unrelieved pain) did not wish to increase
their opioid dose. 10% even wished to reduce it.
Major reasons given by patients for not wanting
additional therapy with opioids were the mental side
effects (sedation, cognitive failure, hallucinations) as well
as the physical side effects (constipation, nausea) at the
prescribed dose level. A ‘Clinical Crossroads’ discussion
presented the dilemma in the words of a 44-year-old
woman with lung cancer: ‘So the biggest trade-off is
that I’m in pain in order to stay lucid. I want to be awake
and know everything that’s going on, for as long as
humanly possible. I do not want to die in pain. I do not
want to be in pain. But I want to know what is going on
around me.14’ Here the pain has become ‘intractable’,
because the available treatments fail to provide the
kind of symptom control that would satisfy the
patient. Symptom control is a main goal (requiring
considerable time commitment) of most oncology
practitioners.

Cancer center clinical research environment
Testing novel analgesics has thus far not been a focus of
oncologists. Yet, the assessment of pain and symptom
control is already common practice in most oncology
clinical trials. Pain is frequently measured as secondary
end point and/or to assess the toxicity of anti-neoplastic
treatments. Thus, some clinical research expertise applicable to pain is available in cancer centers. More than a
few cancer centers also have experience with gene
therapy clinical trials, including that with the regulatory
requirements imposed when recombinant DNA products are used in humans. Finally, patients choosing
treatment at a major comprehensive cancer center are
often attracted by clinical trial participation as a care
option. Thus, novel phase I/II trials for pain, such as
testing gene therapy, would seem to be a logical and
realistic addition to the portfolio of ‘experimental
therapeutics’ sections in oncology.

r A A V v e ctors
Wild-type versus recombinant AAV
Recombinant adeno-associated virus vectors are derived
from a wild-type virus, AAV, which is non-pathogenic.
No apparent ill effects have ever been associated with
AAV even though the majority of humans have been
exposed to AAV, as judged by serum neutralizing
antibodies against at least one serotype.15–18 It is therefore a common notion, that any derivative product
should be at least as harmless.
Recombinant vectors are devoid of all AAV genes, that
is, the rep and cap gene of the wild-type virus have been
removed. The inverse terminal repeats (ITRs) are the
only viral DNA sequences retained in the recombinant
Gene Therapy

vector genome. It could therefore be argued, that rAAV
should be even safer because rep and cap have been
eliminated as a potential concern.

Favorable characteristics: targeting of non-dividing
cells and long-term gene expression
Recombinant adeno-associated virus vectors can target
non-dividing cells in vivo and express a transgene
(therapeutic gene) long term. Our studies showed
efficient targeting of primary sensory neurons and
transgene expression for up to 4 months;19,20 follow-up
experiments found that transgene expression persisted
undiminished for at least 15 months after gene transfer,
the longest time point that we tested (unpublished).
Long-term gene expression by rAAV is such a
universal finding in laboratory animals regardless of
the organ targeted or the transgene used, that a finding
of early cessation of vector activity (for example, Milligan
et al., 21) should raise concerns, whether the observed
gene transfer was indeed due to rAAV or instead due to a
contaminant (that should have been removed from the
vector preparation) such as plasmid DNA.
Production
Preparation of highly pure, high-titer rAAV vectors is an
advanced molecular biology task. It is generally more
challenging than the production of most other viral
vectors such as adenovirus or retroviruses. The proviral
AAV plasmids must retain the ITRs, which can readily be
lost through recombination. Two- or three-plasmid cotransfection of 293 (or similar) cells to provide the rep and
cap genes, as well as adenoviral helper functions in trans,
must be highly efficient (typically b50%), and the
subsequent harvesting by freeze–thaw treatment and
purification by repeat ultra-centrifugation in a cesiumchloride gradient must be optimized. We routinely
achieve titers of 41013 viral particles per ml allowing
administration of 3 ! 1010 particles in as little as o3 ml, if
desired. Our standard amount of IT administered rAAV
was 3 ! 109 in our initial study19 and 3 ! 1010 subsequently.20 The higher amount became an option only as
we grew to be more practiced with vector production. As
we have yet to perform a definitive quantitative
comparison, it is our impression that in the rat IT space,
3 ! 109 is around the minimum to achieve readily
detectable gene expression in dorsal root ganglia (DRGs)
and therapeutic efficacy in behavior models (when using
self-complementary versions of serotype 1 or 8 vectors).
3 ! 1010 provides an extra margin but probably less than
a 10-fold increment in gene expression in this particular
experimental paradigm. A typical rAAV preparation in
our laboratory involves transfection of twenty 15-cmdiameter tissue culture dishes of cells, yielding 1–2 ! 1013
particles, which is sufficient material for experiments in
several dozen rats. Experimentation in large animals,
however, will stretch the approach such that a single
preparation may only suffice for as few as one or two
animals.
Manufacturing rAAV for clinical testing imposes
substantial additional demands as reviewed by
Wright22 in the recent special AAV issue of this journal.
Furthermore, clinical testing would require even larger
vector quantities, because many doses are needed for
quality control and a single batch has to last for an
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entire trial. Production of such quantities by a small
biotech company or an academically good manufacturing practices laboratory is possible, but with current
methods being certainly demanding, it limits testing in
patients to boutique-style clinical trials. Pharmaceutical
scale production of vectors has not been achieved till
date, but innovative methods have recently been
reported, for example, the successful bioreactor-scale
production with total yields potentially approaching the
exa-(1018) scale.23–25 Whether such methods yield similar
high-quality rAAV as do conventional methods, for
example, a high ratio of packaged genomes to empty
particles, will be critical for clinical progress in the rAAV
field.

Capsid choice (pseudotyping) and the
self-complementary rAAV variant
Recombinant adeno-associated virus vectors can be
‘packaged’ in capsids of many different serotypes. In
all cases the packaged recombinant genome is derived
from AAV2 (that is, the origin of the ITRs); hence the
approach is referred to as ‘pseudotyping’. The pseudotyped recombinant vectors are often designated rAAV2/
1, rAAV2/5, rAAV2/8, and so on, referring to their hybrid
origin. In this review, we simply refer to the pseudotyped vectors by the type of the capsid protein used, for
example, rAAV8. The recombinant rAAV genome consists usually of single-stranded DNA as the genome of
wild-type AAV. A deletion in the D-region of one of the
ITRs of the proviral plasmids leads to efficient packaging
of double-stranded rAAV, which are usually referred to
as ‘self-complementary’ rAAV or sc-rAAV.26 We have
made extensive use of pseudotyping and of the scvariant in our development of rAAV vectors for pain as
described in detail below.
Recently, certain point mutations in the capsid protein
of AAV2 were found to substantially increase transduction efficiency by improving viral trafficking to the
nucleus;27,28 the approach seems attractive and may
warrant testing of such vectors in the IT space for
transduction of DRG neurons.

Packaging capacity
A potential shortcoming of rAAV vectors is their limited
packaging capacity of around 4.8 kB. After accounting
for two ITRs, B4.4 kB are left for regulatory elements
and the transgene. Self-complementary vectors contain a
third ITR and package two strands of the recombinant
portion of the vector leaving only B2.1 kB for the
therapeutic expression cassette. We used the CMV
(cytomegalovirus) promoter/enhancer and SV40 splice
donor and acceptor sequences leaving less than 1 kB for
the therapeutic cDNA. Although this has been sufficient
to accommodate the therapeutic genes that we have
used thus far, it creates a predicament for exploring
larger therapeutic genes. Extended packaging capacities
of up to 8.9 kB were recently reported with the use of
serotype 5 capsids.29 Although this serotype does not
seem to be optimal in the IT space,19 it raises the
possibility that other capsids that target DRG neurons
well could be found while accommodating larger
therapeutic genes.
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S afety c o n sid eratio n s a n d clinic al
e x p erie n c e with r A A V v e ctors
Genomic integration
The wild-type AAV virus has long been known to
integrate into a specific genomic locus in humans,
AAVS1 on chromosome 19. Integration seems to be an
essential step in the life cycle of wild-type AAV because
it allows the virus to persist in a dormant state.
Productive AAV infection requires a helper virus, most
commonly adenovirus. rAAV vectors persist in targeted
cells mainly in an episomal state. However, rAAV can
also integrate into the genome. Integration in these
instances seems to occur at random sites. This is an
important difference from the wild-type virus, which
requires rep for the site-specific integration mentioned
above.30 Random genomic integration of rAAV could, in
principle, disrupt important host cell genes, such as
tumor suppressors or oncogenes, and thereby act as
carcinogen.
Recombinant adeno-associated virus can cause an
increased incidence of liver tumors, when administered
to newborn mice of certain susceptible strains.31 Vector
integration in tumors was shown. In at least some of the
cases, integration occurred in a microRNA locus on
mouse chromosome 12. This led to regional transcriptional activation of many small RNA genes with known
growth regulatory properties, a plausible mechanism of
carcinogenesis.32 Another study found an increased
incidence of liver tumors only with a specific transgene,
but not with rAAV, administration per se.33 Such findings
seem to be limited to rAAV administration in newborn
(as opposed to adult) mice; might occur only in specific,
susceptible strains (such as knockout mice with lysosomal storage disease), in which liver tumors can even
occur spontaneously; could have been favored by
relatively high-vector doses (1.5 ! 1011 particles per
newborn mouse); and were thus far not noted in other
organs or other species.
Serological immunity
Recombinant adeno-associated virus consistently induces serological immunity (that is, antibodies in the
blood), if administered systemically in any laboratory
animal tested or in humans.17 Antibodies are often
‘neutralizing’, that is, counteracting the ability of rAAV
to infect target cells. Serological immunity can also be
induced, if rAAV is administered into the CNS of
animals34 or humans,35–37 albeit the response seems to
be milder and shorter lived. Whether systemic antibodies
can interfere with transduction in the CNS and whether
antibodies can be induced in the cerebrospinal fluid
(CSF) will be discussed below in the sub-section
Immunity in the CNS. Serological immunity can also be
directed against a rAAV-encoded transgene product,
especially if it is a ‘foreign’ protein, such as a clotting
factor, in a patient with a truncating mutation. Regarding
the development of pain therapy, this possibility should
be born in mind in case an allogenic therapeutic gene is
considered.
Cellular immunity: man versus mice
Recombinant adeno-associated virus escapes cellular
immunity in all animal models tested to date, but seems
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to induce it in humans, if administered outside the
CNS.38–40 Specifically, in a recent clinical trial, substantial
transgene expression levels, achieved in two patients
during the first month after portal vein infusion of AAV2,
rapidly declined to undetectable levels at 8 weeks. This
was accompanied by a moderate rise of liver transaminases indicative of a liver-directed inflammatory response. CD8+ lymphocytes specific for the AAV2 capsid
protein (restricted by the patient’s MHC (major histocompatiblity complex)) were isolated from both patients.
The investigators therefore suggested that the loss of
transgene production was caused by cellular immunity.38,41–43 The notion that cellular immunity is directed
against the capsid protein may seem counterintuitive,
because the vector does not express the capsid gene;
instead, the capsid protein present in the recombinant
vector at the time of administration seems to persist for
several weeks in vivo, marking targeted cells for immunemediated cytotoxic destruction. The scientific quandary
ironically derives from the fact that no such reaction
seems to occur in any animal model. Therefore, rAAV
researchers are left with minimum clinical data on
cellular immunity and no good way to study the
problem in the laboratory.38

Immunity in the CNS
Priming and execution of immune responses depends on
the anatomic site involved, for example, effective antigen
presentation by dendritic cells fosters immunity, whereas
lack thereof or antigen presentation by cells expressing
few ‘co-stimulatory’ molecules (such as B7.1 and 2) or
pro-inflammatory cytokines (such as interleukin-2), may
favor immune tolerance. The CNS seems to be the organ
with the least proclivity to mediate induction of
immunity, if exposed to an antigen, and a site, which
in some instances can escape systemic immune surveillance over vectors.44 This principle observation seems to
be a generally holding one regarding gene vectors, for
example, in certain instances immunogenic vectors, such
as adenovirus, can be administered into the CNS without
immune interference.45 Certainly, such observations do
not provide a ‘free pass’ because it is clear that strong
immunity against vectors, for example, notoriously
against adenovirus, is often induced after CNS delivery.46 Vectors can drain from the brain to the neck lymph
nodes at least in non-human primates.47,48 In rodents,
drainage to lymph nodes seems to occur after administration into the ventricles, but not following intraparenchymal injection.45 Given the fact discussed above that
rAAV does not induce cellular immunity in laboratory
models, even if administered systemically, it is not
surprising that it does not elicit cellular immunity, when
administered into the CNS of animals either. The litmus
test is therefore, what happens in humans, a question, for
which a few clinical trials have recently furnished
promising data, as discussed in the next subsection.
CNS clinical trials
Clinical trials of rAAV2 gene therapy in the forebrain and
in the retina have been reported. Both sites will be
considered together because the retina is developmentally a part of the CNS (that is, the diencephalon)
containing neuron-like ganglion cells. (Also, the retina
lies adjacent to a confined fluid-filled space, presenting
similarity to the DRG-directed IT gene therapy
Gene Therapy

considered in this review.) The CNS disorders addressed
in these trials were Canavan disease,49 Parkinson’s
disease,35,36,50 and Batten disease.37 The retina-directed
trials were for Leber’s congenital amaurosis (LCA).51–54
In the forebrain trials, vector administration was
performed intracerebrally at one or multiple injection
sites with vector doses of up to 3.2 ! 1012 vector genomes
per patient;37 in LCA patients, injection was subretinally
administered with vector doses up to 1011 vector
genomes for one eye.51 Overall, studies suggested
safety and tolerability of rAAV in the CNS. The majority
of patients experienced no major adverse events. Two
patients with Batten disease developed refractory seizures; one of them died 59 days after vector administration in status epilepticus. As seizures are common in
patients with this disease, it seems quite likely that the
adverse events may have been unrelated to the rAAV
administration. This conclusion was supported by the
absence of inflammation in the patients’ CSF.37 In one of
the LCA studies, a patient developed a hole in the
macula after subretinal AAV administration. The authors
argued that this was likely caused by the surgical
procedure and not by an acute toxic reaction to the
rAAV vector because no signs of inflammation or other
retinal toxicity were observed.51
The finding of cellular immune toxicity in the
hemophilia trial (discussed above) implied special safety
concerns for the subsequent CNS trials. In LCA trials
addressing this question,51,52,54 no cellular immune
response to the AAV capsid was detected. In two of the
Parkinson’s disease trials, evidence for persistence of
transgene expression for more than 1 year was obtained
by functional imaging,35,36 further suggesting that no
relevant cytotoxic immunity was mounted and that longterm gene expression in humans resembled the findings
in laboratory models.
As none of the studies were randomized controlled
trials, assessment of treatment efficacy remains difficult,
a point clearly argued by the authors.35 Nevertheless, it is
tempting to take the PET imaging results correlating with
positive trends in clinical Parkinson’s disease scores as a
promising sign for efficacy;35,36 similarly, although each
of the three LCA trials was small (three patients each)
and none was blinded, clinical patient examinations
were consistent with a therapeutic effect. Taken together,
these trials provide converging evidence that rAAV
vectors are well tolerated in the human CNS, express
transgenes long term, and therefore have the potential to
mediate the types of therapeutic responses that we have
gotten to expect from these vectors in the laboratory.

Intrath e c al r A A V in ro d e nt m o d els of p ain
Rationale for vector delivery by the intrathecal route
(lumbar puncture)
At its core, the promise of nervous system gene therapy
(that is, in vivo gene transfer) is to improve upon
traditional forms of drug delivery, for example, reaching
the brain-side of the blood-brain barrier (BBB); providing
a prolonged (or indefinite) drug/gene effect; targeting
drug/gene activity to a desired anatomical site; reducing
side effects; and freeing patients from repeat injections,
external pumps and hazardous procedures. These goals
may be most attainable by gene delivery through a

AAV for pain
AS Beutler and M Reinhardt

clinically established procedure that is widely available.
Lumbar puncture (LP) is the only technique to access the
nervous system safely at the bedside.

Pharmacological rationale for gene therapy targeting
the DRG
Separation of wanted and unwanted opioid effects can
be achieved on anatomic grounds: Untoward effects,
such as sedation, are mediated by the forebrain, whereas
the desired analgesic effect can be achieved by selectively
enhancing opioid activity at the spinal ‘pain gate’.
IT opioid administration is one such strategy. It is
highly effective because m-opioid receptors localized at
the spinal level induce profound analgesia without
marked effects. As analgesia after a single IT opioid
administration lasts only a few hours, prolonged pain
control requires the implantation of a pump and a
permanent IT catheter. Although this approach has been
shown to provide superior pain control in a randomized
controlled clinical trial,55 the method has not been
adopted outside of few specialized medical centers
fielding multi-specialty teams consisting of anesthesiologists, neurosurgeons and oncologists, who are able to
service the implanted hardware and investigate acute
complications, which might be related to the catheter.
In here lies the promise of gene therapy targeting the
DRG. A single-dose, IT administration could mediate
pain relief over a long time period, reduce side effects
and improve quality of life by freeing patients from
external pumps and hazardous procedures. In addition,
certain gene products may not have a conventional drug
equivalent, for example, certain larger proteins may not
be available as a recombinant product or a smallmolecule analog, but can be encoded and delivered as
a therapeutic gene in a vector.
rAAV modifications to increase IT gene transfer
efficacy
Conventional single-stranded rAAV2 vectors perform
poorly after IT delivery in rats; expression can be
detected only by highly sensitive methods like quantitative PCR even after administration of high vector doses.
Confronted with this finding, we reasoned that rAAV2
could fail because of two roadblocks: Firstly, failure of
target cells to take the vector up due to lack of compatible
cell surface receptors, and secondly, second-strand DNA
synthesis, which could be a limiting step especially in a
quiescent tissue. Subsequent studies19 showed that both
issues needed to be addressed by vector modification to
make rAAV effective in the IT space. Specifically,
pseudotyping of rAAV with capsids of serotypes 1, 3
and 5 was tested alone or in combination with a
modification of the ITR. The former alters vector tropism
and the latter allows packaging of sc-rAAV vectors.
Combining both types of modification led to the
identification of sc-rAAV1 as a vector that performed
superiorly in the IT space. IT delivery of 3 ! 109 sc-rAAV1
particles per animal led to stable expression of enhanced
green fluorescent protein (EGFP) for X3 months detectable by Western blotting, quantitative PCR, and in a
blinded study by confocal microscopy. Expression was
strongest in the cauda equina and the lower sections of
the spinal cord, and only minimal in the forebrain.19
Serotype 5 performed favorably in the same study but

seemed to be substantially weaker than serotype 1. In a
subsequent study, which will be discussed in detail
below, we found that serotype 8 performed even better
than any of the previously tested capsids and thereby
became the basis of our current vectors.
Similar findings regarding the choice of serotype and
the use of sc-vectors were reported after intraocular
injection of AAV. AAV8 vectors yielded greater transduction efficiency than AAV2 and AAV5, and the selfcomplementary variants of AAV8 and AAV2 exhibited
earlier onset and higher transgene production than the
respective single-stranded vector.56 Considering that
findings pertaining to specific vector characteristics often
seems to be species-specific, we found this similarity
comforting and will follow any future clinical testing of
sc-rAAV8 vectors in the retina with great interest.
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Targeting of DRG neurons
The most noteworthy property of rAAV vector modified
as above, that is, sc-rAAV1 and sc-rAAV8, was their
remarkable ability to express the recombinant transgene
highly effectively, and almost exclusively (499%) in the
primary sensory neurons. This was unexpected, because
IT administration of other vectors fails to target neurons
(for example, plasmids or adenovirus transduce meningeal fibroblasts). Primary sensory neurons are, perhaps,
the ideal target for pain gene therapy. This point has been
shown by a long series of studies with herpes simplex
virus, a vector that targets sensory neurons if administered subcutaneously (reviewed elsewhere in this issue).
Microscopic examination of the brain, spinal cord,
DRGs, nerve roots and meningeal linings 1 month after
administration of sc-rAAV8 expressing the marker gene
EGFP (under the control of the CMV promoter/enhancer) revealed strong specific EGFP fluorescence, exclusively in DRG neurons and their axons, and dendrites
entering and exiting the DRG. Examination of the spinal
cord showed EGFP fluorescence diagrammatically outlining the course of primary sensory neuron axons,
which enter the spinal cord through the posterior nerve
root, project into the posterior horn and form the
fasciculus gracilis of the posterior column. Among DRG
neurons, all immunohistochemical distinct subpopulations tested were found to be transduced, namely cells
positively stained for nociceptive-neuron marker vanilloid receptor suptype 1 (TRPV1), for the small peptidergic-neuron markers substance P and calcitonin generelated peptide and the non-peptidergic-neuron marker
griffonia simplicifolia isolectin B4.
Testing in a rat neuropathy model
We chose the L5 spinal nerve ligation (SNL) rat model of
neuropathic pain57 to assess the efficacy of IT sc-rAAV8
for pain using two different known analgesic genes,
namely prepro-beta-endorphin (ppbEP) and recombinant interleukin-10 (rIL-10). ppbEP is an artificial gene
that has been developed earlier by us. It was found to
induce secretion of bEP, which acts as m-opioid receptor
agonist.58,59
Additionally, one could consider the use of a transgene
whose anti-allodynic activity may not rely on opioid
receptor activation. As an example, we chose rIL-10,
which is believed to exert its known analgesic activity in
neuropathic pain through suppression of glial activation
through its anti-inflammatory activity.60
Gene Therapy
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IT administration of sc-rAAV8/ppbEP and of
sc-rAAV8/rIL10 both led to a significant attenuation of
allodynia in the SNL model. Therapeutic activity set in at
1-month post IT delivery and persisted until the
predefined end point of the study at 3-month post IT
delivery. In a subsequent experiment determining the
expression kinetics of IT sc-rAAV8, the onset of expression occurred between 0.5 and 1 month. Hence, the delay
in the onset of anti-allodynic activity was due to the
gradual onset of transgene expression, that is, the type of
delayed onset of activity that is universally observed
with AAV vectors, as discussed in an earlier section.

Conclusions from IT sc-rAAV experiments in Rodents
The above discussed study20 showed highly efficient and
selective gene transfer into primary sensory neurons by
administration of sc-rAAV8 vectors into the lumbar CSF.
Transduction was selective for DRG neurons and did not
affect other cells of the CNS. At the center of our study
was the demonstration of efficacy in a chronic neuropathic pain model, an important functional outcome.
Unlike earlier reports, the observed efficacy was long
term, lasting for at least 3 months after a single
administration of vectors. The injection technique was
atraumatic, modeling an LP and thereby circumventing
requirements for injections at multiple sites or for
intraparenchymal injections into the CNS tissue. Furthermore, we administered the vector in a small volume of
isotonic injectate, which is comparable to the volume and
diluent of currently approved conventional IT drugs. The
approach to IT gene transfer for pain presented here
requires only a single standardized injection, feasible in
patients by LP; confers long-term efficacy; accommodates different therapeutic genes; and uses a noninflammatory vector with a unique safety record, rAAV,
from which all viral genes have been removed and
whose parent wild-type virus has never been associated
with a clinical disease. Our observations in rodents raise
the possibility that sc-rAAV8 through LP may be a
candidate for developing clinically viable strategies for
sensory neuron gene therapy for pain. In the remaining
section we will therefore explore what questions relevant
for clinical translation could be answered by further
laboratory studies, and which other questions require
special attention when devising an initial clinical study
focused on establishing safety.

Pre clinic al ste p s to w ard s clinic al
tra n slatio n
Large animal models and toxicology
Up scaling from rodents to large animals will be as
critical a step for the approaches outlined in this review
as for any other gene therapy. Our studies thus far
employed the rat. The distance the vector must diffuse
(from the CSF) to reach target neuron populations (in the
DRG) may be measured in tens of micrometer in the rat,
whereas in larger animals, such as the dog, (and
similarly in humans) this may be 100–200 mm or more.61
Large molecules have been shown to have limited
parenchymal diffusion and a similar limitation would
be anticipated for viral particles. It is uncertain, how
vectors traverse from the CSF to the DRG neuron. In one
Gene Therapy

model, the viral particles would enter the posterior horn
of the spinal cord along the entry path of the posterior
spinal nerve (an area, where even large molecules can
enter the cord more readily) and are then taken up by the
axonal endings of the DRG neurons; such uptake might
occur equally efficiently in large as well as in small
animals. Only the appropriate experiments will allow us
to answer these important questions.
Formal toxicology studies will be required to evaluate
the distribution and expression of vector throughout the
organism and to determine if there is any evidence for
cytotoxicity, inflammation or other pathology in the CNS
or in any peripheral tissue. Special emphasis will be on
tissue in direct contact with the CSF, that is, meningeal
fibroblasts, nerve roots, DRG and spinal morphology.
This assessment will likely require the use of two species,
for example, the rat and a large animal species. The dog
has been widely used for the evaluation of IT delivered
drugs, including for preclinical toxicology studies,
leading to investigational new drug applications (for
various small molecules and toxins) and would therefore
be a logical consideration as a large animal species. Pigs,
sheep or non-human primates would be alternatives.

Choice of vector for initial clinical testing
Although there are technical alternatives and potential
improvements to explore over time (for example, as
discussed in the next subsection), it is critical to decide,
which vector and protocol should become the lead
compound for the initial phase I trial, that is, a specific
capsid, promoter, therapeutic gene, route of administration and dose range. On the basis of our completed
experiments, we would presently consider sc-rAAV8
expressing human IL-10 under the control of the CMV
promoter administering escalating doses of approximately 1010–1013 packaged genomes IT in patients with
intractable pain (that is, failing available analgesic
treatments) from incurable cancer. We have tested the
IT route extensively and thus have a solid foundation
supporting this administration technique; it is also the
simplest to perform in patients, because a LP is a safe
bedside procedure. Such trial could establish the safety
of vector administration into the CSF. (An offshoot could
be that safety data may also help support other routes of
administration to be considered later, for example,
intraparenchymal injection directly into the DRG; in that
case leakage of vector into the CSF could be a safety
concern.) The current IT approach might also allow
obtaining biochemical evidence of gene expression in
patients in vivo, because CSF can be obtained safely and
conveniently by LP, and in the case of the rat, allowed for
detection of vector-encoded IL-10 by enzyme-linked
immunosorbent assay.
Alternative therapeutic genes, serotypes and
administration techniques
Opioids have been used as effective pain medication for
millennia and continue to be the most important class of
analgesics to date. Two principles of opioid therapy are
relevant for its use in gene therapy of pain: first, opioids
have a tight dose–effect relationship requiring titration of
the dose in typical clinical practice. Second, opioids have
no ceiling effect, that is, worsening symptoms can always
be controlled by higher doses; however, dose increases
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are limited by the occurrence of side effects (as discussed
in section 1). The choice of an opioid-related therapeutic
gene has to be made within this pharmacological
framework. Pain gene therapy can modify the opioid
system in two different ways: production of a secreted
opioid ligand (such as ppbEP, described in section 4) or
increased neuronal expression of an opioid receptor. An
opioid ligand secreted at the spinal level (DRG and
posterior horn of the spinal cord) can increase the
therapeutic ratio, that is, high analgesic efficacy accompanied by little or no side effects (consistent with the
second principle); however, with current vector technology, its activity could not be titrated over time (inconsistent with the first principle). Alternatively, an opioid
receptor (as opposed to ligand) could be expressed.
Ideally, this would have no effect except when opioid
medications are given. Then it would increase the
analgesic efficacy at the spinal level, in which the
vector-encoded opioid receptor is expressed, allowing
total doses to remain low and thereby side effects to be
minimized. At this time, it seems not entirely clear,
whether selective expression of one of the opioid
receptors (for example, a splice forms of the m-opioid
receptor) would have the desired activity, if it occurs in a
broad range of DRG neurons. Reports a few years ago
suggested such a possibility;62 further exploration of the
concept using current rAAV vector technology may
therefore be productive.
Development of alternative capsids is ongoing in the
AAV field. Although serotype 8 has clearly been among
the most effective for a variety of applications, it can be
expected that it may ultimately be surpassed by others
for various reasons, for example, packaging capacity,
transduction efficacy, target cell specificity or immunological escape. Testing alternative capsids in the IT space
will therefore be an ongoing goal.
In the context of clinical trials at specialized centers,
alternative routes of spinally targeted vector administration could be considered, especially if they can be added
on to (or randomized against) procedures that are
undertaken as a matter of clinical routine. Radiofrequency ablation of DRGs (or a non-ablative local radio
frequency-based DRG manipulation) is an approach that
is sometimes performed out of a lack of alternative
treatment options. It is supported only by scant clinical
trial evidence and long-term outcomes are typically poor.
It may therefore be ethically justifiable to offer an
experimental alternative based on the same surgical
approach, that is, percutaneous placement of a needle
into (or close to) the DRG under fluoroscopic guidance.
Patients requesting a radiofrequency procedure could be
offered local DRG gene transfer as an alternative and,
provided a proper informed consent process, could be
randomized to gene transfer versus the radiofrequency
procedure; the latter would serve effectively as shamcontrol.
Another approach of vector administration would be
injection into the peripheral nerve at the level of the
spinal root or further distally (ideally matching the
neuroanatomical distribution of a given pain syndrome),
given past reports of successful neuronal gene transfer of
anterior horn fibers (that is, primary motor neurons) by
peripheral rAAV delivery in mice,63 investigation of an
analogous approach directed at the sensory portion of
peripheral nerves might be of interest.

Gene therapy as platform for translational pain
research
Clinical validation, that is, testing in patients, is currently
a critical limiting step in analgesic drug development.
Novel molecular targets are typically discovered in
rodents using molecular biology techniques leading to
candidate proteins, peptides or gene therapeutics being
tested in rodents. For instance, IL-10 has marked antiallodynic activity in rat neuropathic pain models as
several groups have shown;60 it presumably acts through
suppression of ‘glial activation’, an inflammation-like
reaction. Considering pain syndromes in patients, it is
entirely unclear if IL-10 might have any activity, while it
also remains unclear if glial activation or a similar
mechanism even occurs in humans (let alone whether it
is causative or a mere epiphenomenon). Testing spinal
IL-10 in humans is therefore a pressing clinical research
question. Other candidate molecular targets and corresponding therapeutic protein candidates are currently
being discovered at an increasing rate fueled by highthroughput massively parallel sequencing technology
(ASB, unpublished). In most (practically all) of the newly
discovered candidate analgesic targets, small molecule
therapeutics suitable as conventional drugs are unavailable. It is unclear, if the high cost of small molecule
identification (through screening of large chemical
libraries) is warranted. Predicting analgesic efficacy in
patients from rodent studies has provided mixed outcomes; for example, the correlation for opioid drugs is
close but in other cases, like NK-receptor antagonists,
rodent data failed to predict clinical results. Considering
this quandary, gene therapy could fill an important gap
in the drug development process facilitating first-intohuman trials of novel targeted therapies, each instantiated as a therapeutic gene.
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