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Abstract
Rapid progress in the past decade with re-engineering of human plasma butyrylcholinesterase has
led to enzymes that destroy cocaine so efficiently that they prevent or interrupt drug actions in the
CNS even though confined to the blood stream. Over the same time window, improved gene-
transfer technology has made it possible to deliver such enzymes by endogenous gene transduction
at high levels for periods of a year or longer after a single treatment. This article reviews recent
advances in this field and considers prospects for development of a robust therapy aimed at aiding
recovering drug users avoid addiction relapse.

Enzymatic interception of cocaine
Evidence is accumulating that artificial acceleration of metabolic clearance can reduce
cocaine’s reward value and might be useful in addiction therapy. Our major goal is to
develop a gene-transfer delivery system that will safely provide high levels of an efficient
hydrolase that blunts or eliminates cocaine actions on reward centers in the brain and aids
recovering users in avoiding relapse. A key enzyme in normal cocaine metabolism is
butyrylcholinesterase (BChE). BChE represents a ‘back-up’ to acetylcholinesterase in
regulating synaptic acetylcholine, but has also evolved to protect against toxic plant esters
such as cocaine [1]. Gorelick, 15 years ago, proposed using BChE as a rescue for cocaine
overdose [2]. Unfortunately, the native human enzyme hydrolyzes cocaine only 0.1% as
readily as acetylcholine and is, therefore, relatively ineffective for such a purpose. Later,
however, a 1000-fold more-efficient bacterial cocaine esterase [3-5] was found to protect
rats against cocaine-induced seizures [6,7] and also reduce cocaine self-administration [8].
Somewhat surprisingly, recent studies indicate that this bacterial protein is a relatively weak
immunogen in rodents and that its immunogenicity can be further reduced by PEGylation
[8,9]. Nonetheless, in our view, a therapeutic based on a human protein should be preferable
for long-term clinical use. In particular, as computationally directed mutations of the BChE
catalytic site have greatly increased this enzyme’s catalytic efficiency toward cocaine and,
because this enzyme is apparently benign, the prospects for BChE-based addiction therapy
look promising.

Computer-docking studies with human BChE were key steps in the process of ‘directed
evolution’ toward improved cocaine hydrolysis. Much of this work was carried out by
Lockridge et al., Zhan et al. and our research group at the Mayo Clinic [10-15]. We
compared the docking orientation of natural (−)-cocaine with those of a biologically inactive
(+)-stereoisomer that hydrolyzed approximately 2000-fold more readily [11,12]. These
comparisons suggested that natural cocaine preferentially binds to the enzyme in a
conformation that is suboptimal for catalysis and hinders productive reorientation. We
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introduced two mutations predicted to alleviate this difficulty in the active site region
(A328W/Y332A). The result was a 50-fold increase in kcat (cocaine molecules hydrolyzed
per min per enzyme molecule). Zhan’s group soon achieved a large further jump in catalytic
power after conducting a thermodynamic analysis and designing mutations to reduce the
free energy of the transition state complex [13-15]. The rational mutations of BChE
ultimately led to quadruple and quintuple mutants with catalytic efficiencies up to 1700-fold
higher than natural human BChE (Figure 1).

BChE-based cocaine hydrolase versus cocaine toxicity & reward-driven
behavior

Our own animal work with cocaine hydrolase began with the double-mutant BChE
[11,12,16]. When given to rats intravenously (iv.) before cocaine, this hydrolase reduced
pressor responses, and it was also effective when given afterwards (i.e., it blunted and
shortened an established hypertension) [17]. We then turned to the more-efficient enzyme,
CocHl (fused to human serum albumin to prolong its plasma half-life [18]) and succeeded in
aborting lethal seizures from a massive overdose (100 mg/kg, intraperitoneally [ip.]), even
after major convulsions had begun [19].

In a collaborative study with Carroll and Anker [19], CocHl also had striking effects on
reward-related behavior. For tests on drug seeking, rats were trained to self-administer
cocaine until they maintained stable rates of lever pressing on a progressive ratio schedule of
reinforcement. This behavior was then deliberately extinguished by inactivating the lever
associated with reward. After 2 weeks of enforced abstinence, we introduced a classic ‘drug-
primed reinstatement’ paradigm, in which deliberate exposure to a previously self-
administered drug reliably evokes drug-seeking behavior. In this case, rats were given either
saline or CocHl (3 mg/kg, ip.) and then, 2 h later, just before returning to the operant
chamber, they received a priming injection of saline or cocaine. The result was that the
enzyme prevented the increased responding that cocaine normally evokes in control or
saline-pretreated rats (an average of ~40 presses on the formerly active lever) [19]. This
effect was selective, that is, specific to cocaine, because amphetamine, a BChE-resistant
stimulant with similar effects on synaptic monoamines, induced reinstatement responding
equally well in both treatment groups.

Delivery of enzyme by viral gene transfer
The behavioral findings with enzyme-treated rats suggested that therapies based on cocaine
hydrolase might be effective treatments for cocaine abuse. However, even native BChE has
only a 1-week half-life in humans [20]. To avoid the expense of pure recombinant protein in
gram quantities over prolonged treatment intervals, we have been exploring cocaine
hydrolase gene transfer. Our early experiments [21] used El-deleted (El−) adenoviral vectors
(ADs) with mutant BChE cDNA sequences driven by a cytomegalovirus promoter [22]. This
construct transduced high levels of transgene. At peak expression, 5–7 days after treatment
with 2.2 × 109 plaque-forming units of vector encoding a double-mutant BChE (A328W,
Y332A), cocaine hydrolase activity in rat plasma was 3000-times above its initial level [21].
In later experiments with the more efficient AME mutant [18,23], plasma cocaine hydrolase
activity rose by 50,000-fold, to a geometric mean of approximately 600 mU/ml (Figure 2).

Enzyme transduction was mostly confined to liver (Figure 3). This conclusion was based
partly on relative levels of cocaine hydrolase. Liver showed 20-fold greater enzyme activity
than any other tissue, 100-fold more than brain, and PCR amplification of enzyme RNA was
unable to detect any signal from extrahepatic sources [21]. Therefore, trace levels of activity
in spleen, heart, kidney, lung, brain and skeletal muscle probably reflected enzyme in
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plasma retained despite saline perfusion before harvest. Our more recent QPCR results,
however, indicate that significant amounts of vector DNA can be detected in Spleen [GENG L,
BRIMIJOIN S, UNPUBLISHED DATA] . Thus, it remains possible that some hydrolase is, in fact,
transduced in that tissue.

Immunologic reactions to transgene & vector
Unfortunately, the impressive enzyme transduction by El-AD was associated with immune
responses that effectively terminated transgene expression within 10 days, returning plasma
cocaine hydrolase activity to pretreatment levels. That outcome was directly in line with
established data regarding these ADs [24]. Further investigations showed that the immune
response involved antibodies directed toward the human transgene and probably viral coat
proteins as well.

The initial results [GAO Y, BRIMIJOIN S, UNPUBLISHED DATA] revealed that plasma drawn 10 days
after vector treatment not only lacked cocaine hydrolase activity but would strongly inhibit
the same activity in samples drawn earlier from the same rats (at peak transgene expression),
and that of the purified enzyme, in vitro. This finding is evidence for the presence of
‘neutralizing antibodies’. Subsequently, we found that pre-adsorbing plasma samples with
monoclonal mouse anti-rat IgG or with anti-rat IgM would decrease the inhibitory effect,
while adsorption with both reagents removed nearly all of the neutralizing ability. Hence, it
appeared that the treated animals generated antibodies of both classes that interacted in some
fashion with the active site of human BChE to prevent substrate binding or otherwise impair
catalytic function.

Cellular immunity also seemed to be involved. In particular, it was likely that cytotoxic T
cells were stimulated to attack hepatocytes (and other cells) harboring the vector construct
and generating gene product. We did not assess cellular immunity directly, but were able to
establish two key facts. First, at the 10-day time point, the number of hepatocytes staining
intensely for BChE activity, or immunostaining for human BChE protein, was sharply lower
than at 4 days, or near zero. Second, transgene mRNA levels in liver extracts fell to an
equally great degree. A parsimonious hypothesis to explain this picture is that, with viral
coat proteins serving as adjuvant, the immune system responded to vector in multiple ways
that led to loss, not only of the transgene product, but also of the transducing hepatocytes
and their episomal vector.

Improved long-term hydrolase delivery by helper-dependent AD
In a search for more stable transduction we turned to a new helper-dependent (hd) AD
(hdAD) developed by R Parks, P Ng and others [25-27]. Since its viral coat is similar to that
of the El-AD, the initial immune response is also similar, but because hdAD lacks DNA for
all viral proteins it is far less prone to provoke chronic immunologic reaction. Much of our
work now relies, in collaboration with Parks, on hdAD vectors. These vectors represent a
great advance over first-generation AD vectors with simple El region deletions. Soon after
they were introduced their impressive ability to sustain long-term transduction became
evident. Using these vectors, it was possible to obtain high circulating levels of human α
antitrypsin for over 1 year in baboons [24] and lifetime (~2.5 year) expression of the ApoE
gene in genetically deficient mice [28].

Our own experience is in good agreement with previous findings. The hdAD vector, with an
ApoE promoter, transduced substantial quantities of AME cocaine hydrolase, and for
drastically longer periods of time than the El-AD-cytomegalovirus vector. Since the tissue
tropism of an hdAD is determined by the nature of the viral capsid [29,30], which was
essentially identical to that of the first-generation vector, liver was again the main focus of
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enzyme transduction. In early experiments with a very small number of rats, peak plasma
enzyme activity 2 weeks after vector injection (1011 particles) was approximately 300 mU/
ml, or eight-times the BChE levels typical for human plasma. This value is approximately
half that typically seen with the El-AD but, in more recent experiments with larger sample
sizes peak levels of cocaine, hydrolase activity after the same dose of hdAD vector have
averaged closer to 1000 mU/ml [GAO Y, BRIMIJOIN S, UNPUBLISHED DATA]. High-level enzyme
expression typically persists for several months. Even at 1 year, the longest time tested so
far, cocaine hydrolase activity in the first group of treated rats was still 20% of initial peak
levels [31].

We considered it worthwhile to establish the in vivo turnover of transduced enzyme 9
months after vector delivery as an index of protein stability. For that purpose, we gave the
vector-treated rats an injection of iso-OMPA (3 mg/kg, ip.), an organophosphate that in
correct doses will irreversibly and selectively inhibit BChE by 98–99% with less than 5%
inactivation of AChE [32]. Inhibitor-treated rats showed no overt reactions to this agent (in
particular, no indications of cholinergic toxicity, such as salivation, diarrhea, or impaired
locomotion). By measuring the quasi-exponential recovery of cocaine hydrolase activity in
the animals over a 5-day period, we deduced a plasma half-life of 60 h for the expressed
transgene [31]. This recovery was attributed entirely to de novo protein synthesis, since
there was no spontaneous reactivation of enzyme in vitro during the same time interval. The
60-h estimated half-life was actually greater than the value estimated for native BChE in rats
that received no vector. Therefore, the expressed enzyme remained very stable in some rats,
even after 9 months of transduction, when trace amounts of anti-BChE antibody could be
detected in many of the plasma samples.

Since the expressed protein was identical in the experiments with El-AD and hdAD, it is not
immediately obvious why immune reactions to the transgene were so much weaker with the
latter vector. A likely explanation hinges on the fact that hdAD is itself inherently less
immunogenic than El-AD and, in the absence of acute immune reactions to viral proteins,
the human BChE is less readily targeted. We speculate that rats’ subdued immune response
to BChE also reflects the enzyme’s heavy glycosylation, up to 25% of total mass [33-36].
This carbohydrate coating, when generated in the host, may partly mask foreign amino acid
epitopes from the immune system. That cannot be the whole explanation, however, for at
least two reasons. First, both vectors should express glycosylated BChE similarly. Second,
unlike rats, mice typically show anti-BChE antibodies within 2 weeks of viral transduction
of the AME hydrolase by hdAD vector, and loss of the hydrolase activity follows rapidly
[GAO Y, BRIMIJOIN S, UNPUBLISHED DATA].

By contrast, in humans, immunological reactions to BChE-based cholinesterases should
pose less of a problem. Subjects exposed to native human BChE would likely show no
immune response at all, except for the very few individuals who naturally lack this enzyme
[37,38]. The altered residues that enhance cocaine hydrolase activity in re-engineered BChE
should be poorly antigenic, because they reside within the catalytic gorge. To confirm this
hypothesis we produced a murine BChE with comparable mutations and introduced it into
mice with an adeno-associated viral vector (AAV) type 2/8. The preliminary data show
that such enzyme persists in plasma for months with no detectable antibody response. Thus,
mutating these sites in a conspecific enzyme appears not to confer immunogenicity. We
anticipate a similar outcome in the human case.

We also discount the likelihood that BChE’s ability to hydrolyze acetylcholine will cause
problems with cholinergic neurotransmission, First, all tested BChE-based hydrolases with
enhanced activity towards cocaine show reduced activity against acetylcholine. In our
experiments to date, the transgene product is most abundant in liver and plasma [21], while
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AChE is densely concentrated at nerve endings [39], reaching levels of activity many
hundredfold above those achievable by transduced BChE diffusing in from the circulation.
Furthermore, Saxena and co-workers have shown that mice and guinea pigs tolerate doses of
human BChE that raise plasma enzyme levels 50- to 100-fold with no clinical evidence of
dysfunction or tissue pathology [40,41]. Finally, unpublished results of human studies
sponsored by the US Department of Defense [CERASOLI D, USAMRICD, PERS. COMM.] have indicated
no adverse effects or physiological alterations even after large BChE doses (nearly 1 g per
subject), which raised plasma cholinesterase levels at least 12-fold. Overall, these results
support the conclusion that exogenously administered BChE is physiologically inert.

Behavioral effects of vector-delivered cocaine hydrolase
The crucial questions regarding the proposed therapeutic gene transfer are: can such a
procedure suppress drug-seeking behavior, and can the suppression last long enough to be
useful? Recent experiments using hdAD vector encoding the AME enzyme and ApoE
promoter, carried out with the behavioral group of Marilyn Carroll at University of
Minnesota (USA), have provided strongly positive answers [42]. Rats were first allowed to
develop stable lever pressing for cocaine reward on a progressive ratio schedule of
reinforcement, and were then given hydrolase vector through the tail vein (1011 viral
particles per rat). After 2 weeks of enforced abstinence they returned to the operant
chamber, in which normal cues were still present but the reinforcement lever was no longer
active. Initial reinstatement tests consisted of 8 consecutive days in which saline or cocaine
(5, 10 and 15 mg/kg) was given as the experimental session began. For the next 4 weeks, the
rats were subjected to ip. injections of saline or cocaine (20 mg/kg) on 2 successive days.
This pattern was then repeated monthly. Control animals (‘empty vector’ or no vector
treatment) responded robustly to the cocaine-priming injection but not to saline. In
comparison, rats given AME-transducing vector showed the same low level of responding to
cocaine as to saline. Both groups responded equally well to the non-hydrolyzed priming
agent, amphetamine. In other words, the hydrolase gene transfer selectively blocked drug-
primed reinstatement just as did injections of purified enzyme protein. Moreover, the effect
lasted 6 months after a single treatment (Figure 4). Such findings raise the possibility that a
similar approach in humans could help recovering addicts to bridge the period during which
relapse into addiction is often triggered by a single encounter with drug.

Steps toward clinical application
Overall, the delivery of engineered BChE cocaine hydrolases by viral gene transfer for
clinical application appears feasible. However, in order to maximize the therapeutic index, it
is important to identify constructs that drive cocaine metabolism to the highest possible final
level with a given dose of vector and a given load of transgene. The best enzyme for cocaine
interception would exhibit not only high maximal velocity but also a substrate affinity that
permits rapid catalysis at drug concentrations likely to be encountered in vivo. Plasma
cocaine concentrations associated with reward phenomena are fairly low, approximately 1–3
μM [43,44], and the KM value for a therapeutically useful hydrolase should ideally fall in
the same range. As outlined above, it appears that recent mutational efforts with human
BChE have neared that goal or may already have reached it, measured by the yardstick of
catalytic efficiency. However, in vivo stability of the expressed protein is also important.
Even if the most catalytically effective cocaine hydrolases have already been identified, they
may not all be equally durable. Tests of the most promising new BChE mutants in different
vector platforms are now underway and it will soon be possible to determine which
construct in which vector leads to the greatest enzyme activity generated and maintained in
vivo. Our current results with standard El-AD vector (Figure 5) suggest that vector delivery
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of further-enhanced BChE mutants will generate plasma cocaine hydrolase activities greater
than those we previously reported.

The vector platform together with the promoter and enhancer sequences is as important as
the enzyme since it determines the tissue locus of enzyme transduction, the level of
transduced enzyme and the duration of transduction. At present, we see two viable
candidates for vector of choice for cocaine hydrolase gene transfer: hdAD, serotype 5
[45-47] and AAV with dual serotype 2/8 [48,49] These two systems lack coding DNA for
any of the proteins needed to produce a viral coat or replicate the viral genome: hdAD
because of molecular engineering and AAV as a naturally hd parvovirus [50]. Both of these
replication-incompetent vectors enter target cells (with these particular serotypes, primarily
hepatocytes), by binding to unique surface proteins and inserting DNA that becomes
incorporated as stable episomal elements within the nucleus (not integrating with the host
chromosome).

Challenges to clinical application
Despite the encouraging results to date, serious challenges to clinical application remain.
The greatest of these is a risk of tissue toxicity, particularly in liver, reflecting host responses
to the transiently exposed capsid proteins of the delivered vector. These proteins, required
for initial cell penetration and targeting the liver, evoke a rapid, dose-related and potentially
severe attack from the innate host immune system [51,52]. Hepatocytes are particularly
vulnerable during the process of vector uptake. This reaction is equivalent to the one
provoked by early generation El’AD vectors and suspected as the primary cause of the fatal
outcome in the very first clinical trial of AD gene therapy [53]. Since the immune response
is transient and limited to the period during which viral capsid proteins remain in situ, the
problem may be susceptible to mitigation by temporary immune suppression. In fact,
although multiple factors must come into play, it has proved possible to reduce the innate
toxicity of hdAD in mice by pretreatment with the anti-inflammatory steroid,
dexamethasone [54]. In this regard, however, our preliminary histo-pathology studies show
that hdAD transduction of CocH is not accompanied by liver damage in rats or mice, as
evidenced by histopathology or measures of alanine transaminase activity in plasma.
Furthermore, the vector treatment offers significant protection against cocaine-induced
hepatoxicity. In other words, liver samples of rats and mice transduced with CocH by hdAD
treatment and later exposed to large doses of cocaine contrast with those from unprotected
animals in showing greatly reduced evidence of centrilobular necrosis and other pathologic
signs. Nonetheless, concerns regarding clinical use of hdAD vectors dictate that alternatives
to hdAD vectors should also be thoroughly investigated.

The principal alternative to hdAD in gene therapy for cocaine abuse is AAV. AAVs have
seen limited applications until recently, because of their tight limits on cloning capacity.
Practically speaking, the length of DNA sequences that can be introduced as a transgene
payload is less than 3.5 kB [55]. A second problem is that infections with wild-type AAV
are prevalent in the human population and the resulting immunity prevents effective use of
vectors with the same serotype [51]. Third, AAVs generally show lower transduction
efficiency than El AD [56] and, presumably, hdAD. On the positive side, wild-type AAV
has never been associated with human illness [57], and AAVs have proved relatively benign
in animal studies [58,59]. As a result, and despite the drawbacks just noted, over a dozen
clinical trials have been completed with AAVs, focusing on multiple diseases such as a 1
antitrypsin deficiency [60], hemophilia B [61], cystic fibrosis [62], Parkinson’s disease [63],
heart failure [64] and rheumatoid arthritis [65], among others. More are ongoing or pending.
Rodent studies on transducing cocaine hydrolase with AAV-2/8 and a human ApoE
promoter are in the early stages in our laboratory. To date, these constructs have been
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yielding less plasma cocaine hydrolase activity than the equivalent AD or hdAD constructs
(Figure 5). Performance may improve as we test the effects of alternate intronic sequences
and self-complementary design to avoid problems with second strand DNA synthesis [66]. If
so, the stage will be set for a fair comparison between two promising vector platforms, in
which the primary standard will be delivery of the greatest drug metabolizing power with
the least risk of adverse effect.

Selecting locus of expression
One factor in the choice of gene-transfer vector is the desired locus of transgene expression.
The actual locus of expression is strongly influenced by the general nature of the parent
virus and its particular serotype [67], as well as by the promoter sequence incorporated to
drive transgene expression [68,69]. To impact a behavioral problem like drug addiction
there are two logical sites for expression. One is the CNS itself. The other is a peripheral site
involved in filtering the blood or suited to releasing transgene into plasma, where it can
intercept or destroy the drug before it reaches the CNS targets. Among the vector candidates
for such therapies, none are likely to drive substantial gene expression in the brain unless
centrally administered, because most viral particles lack access to brain parenchyma.
Stereotaxic delivery can bypass that problem and is properly considered for treatment of
fatal illness, such as malignant glioblastoma or progressive and irreversible conditions, such
as Parkinson’s disease, but such measures appear excessive for a behavioral disorder.
Fortunately, our rat data indicate that, by at least one molecular measure, transduction of
cocaine hydrolase after iv. injection is at least as effective as transduction in neostriatal
reward nuclei after stereotaxic injection. Thus, vector delivered systemically before a week-
long series of twice-daily cocaine exposures prevented induction of δ-FosB throughout the
caudate nucleus, whereas intracerebral delivery protected only neurons close to the injection
site [31].

For systemic gene transduction, there are few promising target tissues. Muscle is an
accessible, large-mass tissue that may be well suited to provide replacement for a deficient
protein that is not required in large quantities (e.g., a clotting factor). However, for high
levels of expression and to intercept drugs entering the circulation, liver seems a better
choice. Liver receives a large blood flow, approximately 500 ml/m2 per min [70], or
approximately 20% of total cardiac output. Therefore, within a few circulation times, liver
can interact with nearly all blood-borne molecules. Liver is readily targeted by vectors
derived from type-5 AD. Liver is also the natural source for BChE, which, after protein
engineering, has shown such promise as a means of degrading cocaine en route to brain.
Thus, liver-transduced cocaine hydrolase is well placed for efficiency in cocaine
metabolism. Furthermore, much of the newly synthesized BChE is secreted into the
circulation, where it remains with a half-life of many days, able to destroy cocaine on
contact.

If the liver indeed is to be considered as the tissue target of choice for present purposes,
priority should be given to avoiding immunotoxicity. Recent findings have indicated that,
under certain circumstances, type 2 AAVs can elicit capsid-specific cytotoxic T
lymphocytes capable of destroying transduced hepatocytes in tissue culture [71].
Fortunately, the in vivo effects resulting from systemic iv. delivery of vector appear to be
modest, and potential countermeasures have been identified [72]. Nonetheless, going
forward, caution is warranted.
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Desirable therapeutic window
It should not be necessary to provide permanent gene transduction in order to treat cocaine
addiction effectively. However, at least 6 months of effective drug interception is essential,
and a period of 2-3 years may be needed to achieve full cessation of drug intake and to avoid
relapse. This timeframe would not require agents such as lentiviral vectors that incorporate
permanently into genomic DNA (with attendant risk of disrupting oncogenes). The hd
‘gutted’ AD or AAV considered above should be sufficient because they show long
persistence as episomal elements, even though they do not propagate from cell to cell.
However, they are usually lost during mitosis because they lack elements needed to replicate
the viral DNA and segregate it to daughter cells [73]. Fortunately, for present purposes,
although liver cells are not immortal they turn over slowly. Even in rats and mice, whose
hepatocytes exhibit a half-life of 1 year or less [74], effective levels of transgene remain for
many months after initial vector treatment as already noted. Life spans for hepatocytes in
adult human liver are estimated to lie between 300 and 500 days [75]. Therefore, if cell
division or cell death is the primary mechanism for loss of vector DNA, one could expect a
therapeutic window on the order of 1 or 2 years after a successful hepatic transduction.

Conclusion
There is a real prospect of developing therapies for cocaine abuse based upon the idea of
pharmacologic interception’. We consider that long-term delivery of a physiologically
benign cocaine hydrolase by gene transfer could provide extended protection against relapse
during the period when drug memories and cravings are most intense. As we have argued
elsewhere [76], this gene-transfer approach might be combined with an anti-cocaine vaccine
because these two agents should constitute a self-regenerating system, in which antibody
absorbs an initial wave of drug, while enzyme destroys the free molecules, unloads the
immunoglobulin-bound portion and resets the system. In our ongoing animal work,
combinations of enzyme and antibody are proving more effective than either agent alone in
reducing cocaine-induced locomotor activity and hepatotoxicity [GAO Y, CARROLL ME, ANKER

JJ, UNPUBLISHED DATA] . It will soon be possible to determine if the same is true in animal
models of drug-seeking behavior.

Gene-transfer technology is still maturing, and we envision other applications to the therapy
of drug addiction, beyond those directed simply at blocking drug access to brain. In a recent
review article, Thome et al. stated that there is no indication that gene therapy can be applied
in psychiatric patients any time soon, but also noted several promising developments in
experimental neuroscience that foreshadow applications in a variety of disorders, including
drug addiction [77]. Of interest in this regard are studies by Neumaier and colleagues
demonstrating that over-expression of specific subtypes of serotonin receptors in the rat
nucleus accumbens can selectively enhance cocaine rewarding properties (5HT1B) or reduce
them (5HT6) [78,79]. Others have been able to modulate behavioral responses to cocaine
through viral-mediated expression of ERK2 in the ventral tegmental area [so]. These and
related approaches seem well worth pursuing in the future.

Future perspective
Though the road ahead may be rocky, we are bold enough to predict that gene transfer of
agents that bind or destroy addictive drugs in plasma, especially cocaine, will progress to the
point of clinical trial within the next decade. We do not expect a ‘magic bullet’ that will
eliminate drug craving and provide effortless recovery without risk of further relapse.
Nevertheless, on the assumption that the basic methods of gene transfer will continue to
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advance in the meanwhile, providing platforms with reduced risk and greater tolerance, we
think that such treatments will enable many individuals to regain drug-free lives.
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Key Terms

Butyrylcholinesterase Plasma enzyme capable of hydrolyzing acetylcholine and
numerous other bioactive esters, Including cocaine (but at
low efficiency).

Cocaine hydrolase Any enzyme capable of efficiently converting cocaine into
relatively inert metabolites by breaking the ester bond.

Adeno-associated viral
vector

Gene-transfer vector based on a naturally replication-
incompetent parvovirus and now approved for clinical use
in an increasing number of applications.

Gene transduction: Process of expressing a desired protein in vivo via the
cellular actions of a gene-transfer vector
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Executive summary

Enzymatic interception of cocaine

■Molecular engineering of human plasma cholinesterase (butyrylcholinesterase) has
increased its catalytic efficiency with cocaine by nearly 2000-fold.

BChE-based cocaine hydrolase versus cocaine toxicity & reward-driven behavior

■Re-engineered butyrylcholinesterase given to rats will prevent and reverse toxicity
from lethal cocaine overdose and reduce drug-seeking behavior in a model of
addiction relapse.

Delivery of enzyme by viral gene transfer

■It proved possible to raise levels of circulating cocaine hydrolase activity in rat
plasma by a factor of 50,000-fold after injection of a classic adenoviral gene transfer
vector.

Immunologic reactions to transgene & vector

■Classic adenoviral vectors provoke immune responses to viral coat;.protein and to
the encoded transgene. Such reactions can be deleterious to the host and they
radically shorten the duration of effective gene transduction.

Improved long-term delivery of enzyme by viral gene transfer

■With the aid of modern helper-dependent adenoviral vector it is now possible to
sustain transduction of cocaine hydrolase at high levels in rats for a year or more
after a single treatment.

Behavioral effects of vector-delivered cocaine hydrolase

■Unpublished data from collaborative studies in rodent models demonstrate that
hydrolase gene transfer has the potential to provide permanent protection against
relapse into drug seeking after a re-encounter with previously self-administered drug.

Steps toward clinical application

■Much work remains to establish the safety and efficacy of cocaine hydrolase gene
therapy in human beings. A principle concern will be to reduce or avoid potential
toxicity from innate host immune responses to vector coat protein. Both helper-
dependent adenovirus and adeno-associated virus vectors deserve further
exploration.

Challenges to clinical application

■An important challenge is to identify a vector platform capable of sustaining high-
level transduction of a therapeutic drug-intercepting protein for many months
without noticeable adverse effect.

Selecting locus of expression

■The liver is one obvious choice as target for expressing and secreting a blood-
borne drug-intercepting enzyme, because its natural function has adapted this organ
for drug metabolism. However, caution is warranted because the liver is vital and
there may be real risks of treatment-induced immunologic toxicity.

Desirable therapeutic window
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■Therapeutic gene transfer to prevent addiction relapse should not require
permanent expression of transgene but probably does require expression that lasts at
least 6 months; however, 1 or 2 years might be optimal.

Conclusion

■The authors postulate a real prospect of developing effective therapies for
recovering cocaine addicts, based upon gene transfer of agents that intercept drug
before it reaches the brain.
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Figure 1. Directed evolution of efficient cocaine hydrolase from human butyrylcholinesterase
Kinetic constants reported for butyrylcholinesterase (BChE) mutants designed to optimize
cocaine hydrolysis are shown on a logarithmic axis against a time-line from 1999 to the
present year. Most of the improvement over wild-type BChE has come from the
approximately 1000-fold increases in kcat (units of min−1), but an approximately tenfold
decrease in KM (micromolar units) has further enhanced catalytic efficiency (kcat/KM. These
effects with cocaine are not accompanied by parallel changes in acetylcholine hydrolysis
(generally poorer in the mutants than in native BChE). Mutations in the illustrated enzymes
are as follows: ‘AME-CocH’ (F227A/S287G/A32SW/Y332M); ‘CocHl’ (A199S/S287G/
A328W/Y332G); ‘CocH2’ (A199S/F227A/S287G/A328W/E441D); CocH3 (A199S/F227A/
S287G/A328W/Y332G/E441D). Data from [10-15].
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Figure 2. Adenoviral transduction of butyrylcholinesterase-based cocaine hydrolase
Enzyme transduction versus vector dose. Rat plasma samples were collected 5 days after
injection of Ad5-cytomegalovirus-cocaine esterase or Ad5-cytomegalovirus-AME359,
Vector doses are shown as multiples of the ‘standard’, which was 2.2 × 109 plaque-forming
units delivered through the tail vein. Data points represent mean cocaine hydrolase activity
(‘cocaine esterase activity’) in duplicate assays from each individual rat, graphed on a
logarithmic scale. Note the million-fold range of recorded activities [21].
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Figure 3. Cocaine hydrolase in tissues before and after viral transduction
White columns are cocaine-hydrolyzing activities (mean ± SEM) in four rats sampled 5 days
after treatment with E1-deleted adenoviral vectors and a cytomegalovirus vector carrying
cDNA for double-mutant human BChE (A328W, Y332A). Shaded columns are activities in
untreated controls (p < 0.05). Data from [21].
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Figure 4. Sustained blockade of reinstatement
Drug-primed resumption of drug-seeking (reinstatement behavior) in rodents is one possible
model of addiction relapse in humans. This model was used to assess the potential of
hydrolase gene transfer to reduce the risk of such relapse. Rats trained to self-administer
cocaine were put into forced abstinence for 2 weeks to extinguish lever-pressing behavior
and were then given a single injection of helper-dependent adenoviral vector encoding AME
cocaine hydrolase (1011 viral particles, intravenously), ‘empty vector7#x2019; or saline.
After a further 2 weeks, they received ‘priming injections’ of saline, cocaine or
amphetamine and were returned to the operant chambers. Unprotected animals (saline or
empty vector) responded robustly on the formerly active lever after cocaine priming but the
animals given cocaine hydrolase vector failed to respond significantly over the entire 6-
month period of observation. The same rats, however, did respond to priming with
amphetamine (not a substrate for cocaine hydrolase). These findings are consistent with our
hypothesis that hydrolase gene transfer may be able to generate long-term resistance to
cocaine-induced craving by acting selectively to reduce that drug’s access to the brain.
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Figure 5. In vivo transduction of multiple cocaine hydrolases by different viral vectors
Mice and rats were given type 5 E-1-deleted adenoviral vectors or 2/8-AAV vectors with
cytomegalovirus promoters at respective doses of 1010 and 3 × 1010 viral particles,
intravenously. Plasma cocaine hydrolase activities (shown) were examined at time of peak
expression, approximately 5 days after treatment. Tested BChE variants were: Mutant-1
(A199S/F227A/S287G/A328W/Y332G); Mutant-2 (F227A/S287G/A328W/Y332G);
Mutant-3 (A199S/S287G/A328/Y332G) = CocHl; Mutant-4 (A199S/F227A/S287G/
A328W/Y332G/E441D = CocH3; and Mutant-5 (F227A/S287G/A328W/Y332M) = AME
[L Geng, y gao, S Brimijoin, Unpublished Data] .
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