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Carboxylesterases (CEs) are ubiquitous enzymes responsible for the detoxification of ester-containing xenobiotics. This hydrolysis
reaction results in the formation of the corresponding carboxylic acid and alcohol. Due to their highly plastic active site, CEs can
hydrolyze structurally very distinct and complex molecules. Because ester groups significantly increase the water solubility of
compounds, they are frequently used in the pharmaceutical industry to make relatively insoluble compounds more bioavailable.
By default, this results in CEs playing a major role in the distribution and metabolism of these esterified drugs. However, this can be
exploited to selectively improve compound hydrolysis, and using specific in vivo targeting techniques can be employed to gen-
erate enhanced drug activity. Here, we seek to detail the human CEs involved in esterified molecule hydrolysis, compare and
contrast these with CEs present in small mammals and describe novel methods to improve drug therapy by specific delivery of CEs
to cells in vivo. Finally, we will discuss the development of such approaches for their potential application towards malignant
disease.

Abbreviations

CE, carboxylesterase; CPT-11, irinotecan (Camptosar), 7-ethyl-10-[4-(1-piperidino)-1-piperidino]
carbonyloxycamptothecin; ER, endoplasmic reticulum; hBr3 (CES3), human brain CE; hCE1 (CES1), human liver CE; hiCE
(CES2), human intestinal CE; NSC, neural stem cell; SN-38, 7-ethyl-10-hydroxycamptothecin
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Tables of Links

Enzymes

Carboxylesterase 1

Irinotecan
SN-38

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise Guide to

PHARMACOLOGY 2015/16 (Alexander et al., 2015).

Introduction

The detoxification of ester-containing xenobiotics is carried
out by carboxylesterases (CEs) (Cashman et al., 1996). These
enzymes have been identified in essentially all organisms
studied to date, although it is not clear if there are endoge-
nous substrates for these proteins. As a consequence, it is
thought that CEs act in a protective manner. Circumstantial
evidence that this is the case is provided by the fact that these
enzymes tend to be expressed in tissues that might be regu-
larly exposed to xenobiotics, such as liver, kidney and the ep-
ithelial linings of the lung and gut (Inkerman et al., 1975;
Munger et al., 1991; Brzezinski et al., 1994; Crow et al., 2007;
Hatfield et al., 2011). The presence of the ester moiety within
natural products is widespread (Figure 1), and it is presumed
that this functionality acts to increase the water solubility of
these compounds. This is due to the ease with which the
oxygen atoms within this chemotype can hydrogen bond
with water molecules. This property has been exploited by
medicinal chemists in the pharmaceutical industry, where
agents that have been identified in high throughput screen-
ing approaches can be modified by esterification to yield
more soluble, bioactive compounds. As a consequence, many
clinically used drugs contain the ester chemotype (Figure 2).

The problem with such an approach is that, de facto, this
results in the derived compounds being substrates for CEs. If
the metabolites of the hydrolysis reaction are inactive, then
this results in a detoxification of the drug. Consequently, it
is unlikely that these molecules would be active in tissues
with high levels of CE. Alternatively, if the carboxylic acid

or alcohol that results from the enzymic reaction is more
active than the parent molecule, then the latter can be
considered a prodrug. In this instance, higher levels of the
active drug would be present within cells that have increased
levels of the activating CE. By exploiting this property, our
group and colleagues have developed specific approaches to
selectively deliver drug-activating enzymes to tumour cells
in vivo that, when combined with prodrugs, result in en-
hanced antitumour activity.

Human CEs

In humans, five potential CE gene coding sequences have
been identified in genome sequencing studies. However, to
date, only three (hCE1 [CES1]; hiCE (CES2); and hBr3
[CES3]) have been evaluated for their biological activity
(Brzezinski et al., 1997; Humerickhouse et al., 2000; Khanna
et al., 2000; Sanghani et al., 2004; Quinney et al., 2005;
Hatfield et al., 2010; Hatfield et al., 2011). Indeed of these,
only hCE1l and hiCE have been extensively analysed with
respect to drug activation. While both proteins are ~60 kDa
in size and require processing within the endoplasmic reticu-
lum (ER) for functional activity, they tend to be expressed in
different locations and have markedly different substrate
specificities (Table 1) (Potter et al., 1998b,c). For example,
hCE1 is primarily expressed in the liver and tends to hydro-
lyze small more compact molecules, such as oseltamivir
(Figure 2; Wadkins et al., 2001; Shi et al., 2006; Hatfield et al.,
2011). In contrast, hiCE is present within the gut and kidney
and demonstrates much more variable expression in the liver
(Hatfield et al., 2011). This enzyme is capable of hydrolyzing

Figure 1

Structures of a wide range of compounds isolated from natural products that contain ester moieties. The ester function is indicated by the dashed

circle.
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Figure 2

The chemical structures of clinically used and abused drugs that are hydrolyzed by CEs. The ester groups that are cleaved by CEs are indicated by
the dashed circles. For CPT-11, the product of the hydrolysis reaction (SN-38) is also shown.

Table 1

Properties of mammalian carboxylesterases

Enzyme
Property hCE1mé6
Gene name CES1 CES2 RLCE CES1°
Protein size 567aa, 60 kDa 559aa, 60 kDa 565aa, 60 kDa 568aa, 60 kDa
Location of expression Liver, lung epithelia, Intestinal epithelia, Liver, other? NAP
monocyctes liver, kidney
Cellular location Microsomes Microsomes Microsomes Microsomes
Secreted® No No No No
Stabilityd Excellent Poor Excellent Excellent
Substrate specificity Small, planar Large bulky molecules Large bulky Large bulky
molecules molecules molecules
Examples of substrates NPE, oseltamivir, NPE, CPT-11, heroin, NPE, CPT-11 NPE, CPT-11
heroin cocaine
Relative efficiency of CPT-11 1 91 650 71
hydrolysis (hCE1 = 1)

NPE,nitrophenyl esters.

“hCE1m6 was generated by mutagenesis of the hCE1 (CES1) coding sequence. Formally, therefore, it does not have a specific gene name.
PBecause hCE1m6 represents a mutant form of hCET, it is not endogenously expressed in vivo.

“While all of the enzymes are intracellular, because they are all processed within the ER, they can be engineered to be secreted by removing the C-
terminal amino acid sequence that acts as a signal for localization in the ER.

9hCE1, rCE and hCE1mé6 are stable for many months, even at room temperature. hiCE rapidly loses activity under the same storage conditions

(Tanizawa et al., 1994). Because hiCE is expressed at high
levels in the gut (principally in the duodenum), the delayed
diarrhoea that is observed following CPT-11 treatment (the
dose-limiting toxicity) is likely to reflect the hydrolysis of
the drug following secretion into the bile (Morton et al.,

much larger molecules including CPT-11, cocaine and heroin
[Figure 2 (Humerickhouse et al., 2000; Khanna et al., 2000;
Sanghani ef al., 2004; Hatfield et al., 2010; Hatfield et al.,
2011)]. CPT-11 is an anticancer prodrug that is converted to
SN-38, a potent inhibitor of topoisomerase I, by CEs
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Use of NSCs to target tumour cells in vivo. (A) Co-localization of NSCs (labelled with Dil - red, top left) to NB1643 neuroblastoma cells (labelled
with FITC — green, bottom left) in the liver of a mouse. In this experiment, mice bearing disseminated NB1643 tumours were injected i.v. with Dil-
labelled NSCs, and 48 h later, liver samples were evaluated by immunofluorescence. The image on the right represents an overlay of the left hand
panels, indicating that both NSC and tumour cells are present within the same location. (B) A diagram indicating the use of NSC to sensitize cells
to CPT-11. The pink triangles represent secreted rCE. Ad-rCE, adenovirus expressing rCE.

2005). In this instance, tissue specific activation of the drug
results in toxicity.

Using this observation as a platform, we hypothesized
that selective delivery of CEs to target cells might yield
improved drug activity. For example, if hiCE, or other
activating enzymes, could be localized to tumour cells
in vivo, then potentially, following CPT-11 administration,
higher levels of the active metabolite (SN-38) would occur
within the tumour milieu. This should result in enhanced
antitumour activity, with a minimal increase in toxicity,
because the systemic levels of SN-38 would not change. This
then forms the basis of the enzyme/prodrug therapy ap-
proach described herein (Figure 3).

However, for this methodology to be effective, there are
several key requirements. Firstly, the activation of the drug
should be minimal in the absence of the activating enzyme.
For CPT-11, while this agent is in widespread use for the
treatment of colon cancer, typically, less than 5% of the dose
administered to patients is converted to the active metabo-
lite (Mathijssen et al., 2001). This argues that even a rela-
tively modest increase in hydrolysis (say up to 10%) might
significantly increase efficacy. Secondly, a specific delivery
system that only targets tumour cells must be employed,
because any increase in systemic SN-38 levels is likely to be
highly toxic. We have employed the use of neural stem cells
(NSCs) because they demonstrate tropism to tumour cells
in vivo and can remain localized to these lesions for up to
10 days (Aboody et al., 2000; Brown et al., 2003; Aboody
et al., 2006b). Thirdly, these cells must generate sufficient
SN-38, via CPT-11 hydrolysis, to generate a therapeutic
response. To achieve this goal, we have employed viral-
mediated delivery of CE cDNAs to NSCs to yield very high
levels of enzyme (Wierdl et al., 2001). Finally, we have
developed a suitable animal model in which to assess the
efficacy of such an approach. In the following sections, we
describe the development and properties of each compo-
nent of this technology.
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Use of CPT-11

CPT-11 was developed by Yakult Daiichi as a means of formu-
lating camptothecin for clinical use. The latter molecule was
originally employed in clinical trials in cancer patients in
the 1970s, but these were stopped due to significant adverse
toxicity (Creaven et al., 1972; Muggia et al., 1972). However,
by inclusion of the 4-piperidinopiperidine moiety at position
10 of the molecule (Figure 2), a less toxic prodrug was
obtained that required hydrolysis for activation. Indeed, the
difference in the cytotoxicity between CPT-11 and SN-38 is
up to 1000-fold, with the latter demonstrating ICs, values
in the low nanomolar range (Tanizawa et al., 1994). Interest-
ingly, when CPT-11 is administered to rodents greater than
50% of the drug is converted to SN-38 within an hour of
dosing (Bissery et al., 1996; Morton et al., 2000; Morton
et al., 2005). In contrast, less than 5% of the drug is hydro-
lyzed in man after 24 h (Mathijssen et al., 2001). This argues
that the rodent enzymes are considerably more efficient at
drug hydrolysis and potentially could be exploited for
selective activation in humans. Because CPT-11 was approved
for use in the clinic in the 1990s and demonstrated excellent
antitumour activity in a spectrum of adult and paediatric
patients (Conti et al., 1996; Furman et al., 1999), we used
this as the candidate drug with which to develop the
enzyme/prodrug approach.

Choice of CE

Initial efforts to isolate enzymes that were efficient at CPT-11
hydrolysis were problematic, although a rabbit liver CE (rCE)
was ultimately identified and cloned (Potter et al., 1998a)
(Table 1). This enzyme readily converted CPT-11 to SN-38,
conferred enhanced cytotoxicity to the prodrug when
expressed in cells and xenografts and was demonstrated to
be exceptionally stable. This allowed the crystal structure of
the protein to be solved and provided significant insight into
substrate hydrolysis (Bencharit et al., 2002; Redinbo and



Potter, 2005). Using rCE as a template, the human homo-
logue was isolated (hCE1). However, this enzyme was ~600-
fold less efficient at CPT-11 activation (Wierdl et al.,
2008). Subsequent analysis and comparison of the X-ray
structure of hCE1 with rCE identified several key loops of
amino acids that regulated access of the drug to the cata-
lytic residues, and mutagenesis allowed the formation of a
mutant hCE1 protein (hCE1m6; Table 1) that was efficient
at drug hydrolysis (Wierdl et al., 2008). Finally, by analogy
with other ER processed enzymes, we demonstrated that re-
moval of the KDEL sequence at the C-terminus of both rCE
and hCE1m6 allowed for secretion of the active proteins
(Potter et al., 1998c; Wierdl et al.,, 2001; Wierdl et al.,
2008). These would presumably result in bystander effects
when combined with CPT-11, that is, where extracellular
activation of the drug would result in the active metabolite
(SN-38) diffusing into neighbouring tumour cells, thereby
providing an enhanced cytotoxicity. By a combination of
different structural and molecular approaches therefore,
we have developed an active, secreted human CE that is
highly efficient at CPT-11 activation. That being said, all
initial long-term therapeutic studies in animals were per-
formed using rCE because this enzyme is the most efficient
at hydrolyzing CPT-11 in vitro.

Delivery of CEs

To effect delivery of CEs to tumour cells in vivo, we have
employed the use of neural stem cells (NSC) (Aboody et al.,
2000; Aboody et al., 2006b). These cells can migrate and local-
ize to areas of abnormal pathology (wounds, stroke lesions,
tumour cells, etc.) through an, as yet, unknown mechanism.
In naive animals that demonstrate no such deficits, NSC
undergo apoptosis and are cleared from the animal within
72-96 h (Aboody et al., 2006a). In contrast, in mice bearing
human tumours, NSC encapsulate the lesion and remain
in close proximity for up to 10 days. Use of these cells there-
fore can yield a therapeutic window in which their clear-
ance from unaffected tissues and organs would ensure that
adverse systemic toxicity is minimized following prodrug
administration.

To generate high levels of either rCE or hCEIm6 in
NSC, we employed adenoviral transduction. This was
chosen because it results in transient, high level gene
expression without integration into the genome. Using
this methodology, large amounts of CE can be generated
within cells, and this results in a significant increase in
the cytotoxicity of CPT-11 (Wierdl et al., 2001). Further-
more, media harvested from these cells are also able to
activate the drug because the enzyme has been engineered
to be secreted. Finally, adenoviral vectors have been used
in clinical trials with minimal problems, and there is
considerable expertise in working with these agents in
the patient population.

Suitable animal models

As indicated above, the activation of CPT-11 in mice and
humans differs markedly. Therefore, developing an ap-
proach that modulates that activity of the drug must be
interpreted with extreme caution. In an effort to minimize
aberrant drug hydrolysis in animals, we identified and
developed a plasma esterase-deficient mouse strain (Morton
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et al., 2000). This mouse (named Es1¢) has considerably re-
duced levels of a circulating CE that can activate CPT-11,
and PK results indicate that these animals represent a
model that much more accurately reproduces the levels of
CPT-11 hydrolysis seen in humans. To allow for
xenotransplanation, the Es1¢ mice were crossed with a Scid
(severe combined immune deficient) strain to yield animals
(Es1¢/scid) that were plasma esterase-deficient and would
permit growth of human tumour cells (Morton et al.,
2005).

Finally, because we believe that this drug activation ap-
proach would be unlikely to be effective towards large solid
tumours, but much more efficacious against small metastatic
lesions, we used disseminated disease models for paediatric
neuroblastoma (Thompson et al., 2001). Patients diagnosed
with the latter frequently demonstrate a complete response
to chemotherapy, but subsequently relapse 2-4 years later
(Park et al., 2008). This argues that residual tumour cells that
escape the initial treatment, reside in these individuals and
it is at this stage that the enzyme/prodrug approach would
be employed. Therefore, a series of animal models were devel-
oped with i.v. injection of low numbers (1 x 10°-1 x 10°) of
human neuroblastoma cells into Es1°/scid mice (Aboody
etal., 2006a; Danks et al., 2007). This allows for a long latency
with regard to tumour development and mimics what is
observed in patients who are apparently free of disease. The
efficacy of the enzyme/prodrug approach using CE/CPT-11
was evaluated in these animals.

CE/CPT-11 prevents disseminated
neuroblastoma

Having developed all of the individual components neces-
sary for assessing selective drug activation, therapeutic
studies were initiated. In these experiments, mice were
injected with varying numbers of tumour cells, and the lat-
ter allowed to grow for 14 days. At this time point, NSCs
expressing rCE were infused into the animals. CPT-11 ad-
ministration was started 4 days later to provide time for
maximal CE expression and for free NSCs to clear the ani-
mals (see the diagram in Figure 4). The drug was given
daily for 5 days, repeated the following week and, after a
week for recovery, this complete process was repeated. As
indicated in Figure 4, administration of NSC expressing
rCE resulted in a significant increase in animal survival,
and this occurred in drug dose-dependent fashion (Aboody
et al., 2006a; Danks ef al., 2007). This argues that this was
truly a pharmacological effect based upon selective drug ac-
tivation, and not related to any intrinsic property of the
NSCs. Additional studies confirmed that the circulating
levels of SN-38 were the same in animals receiving the drug
alone and those given the drug + NSC, demonstrating that
local activation of CPT-11 was responsible for the
antitumour activity (Danks ef al., 2007). Indeed, when
using 15 mg kg~' CPT-11, 90% of the animals survived in
the NCS/CE group and were essentially cured of the dis-
ease. As exemplified by the significantly extended time
frame of these experiments (note the scale on the abscissa
axis), these mice live for more than 1 year following tu-
mour cell infusions, representing over 50% of their
lifespan. This significant increase in survival is rarely
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A diagram indicating the experimental design and Kaplan—Meier curves indicating the efficacy of NSC CE/CPT-11 in a mouse model of dissemi-
nated neuroblastoma. Two different doses of CPT-11 were used in these studies: 7.5 mg kg ™' (upper curves) and 15 mg kg~ (lower curves).

observed in patients and, although bone marrow trans-
plants, the use of therapeutic antibodies and extremely
toxic chemotherapy can extend patient survival, such pro-
cedures nearly always fail. Cleary, therefore, adaptation of
this enzyme/prodrug approach to a patient population
would be highly desirable.

As an alternative, this enzyme/prodrug approach may
allow dose reduction of CPT-11, thereby minimizing the
systemic toxicity (principally delayed diarrhoea), without
compromising antitumour activity. It is likely that the
doses of drug that would be used in clinical studies would
saturate the exogenous NSC-delivered CE present within
the tumour milieu, and potentially therefore, the same effi-
cacy may be achieved using considerably lower doses of
the prodrug. While this has not been explored in detail
in animal models, careful optimization of the number of
NSCs and the schedule for administration, as well as the
dose of CPT-11, may well yield regimens that minimize
the non-specific toxicity of this agent.

Implementation of NSC CE/CPT-11

enzyme/prodrug therapy in humans

Clearly, the implementation of this approach in humans is
problematic. It is exceedingly unlikely that authorities and
institutions would allow such studies to be undertaken in
paediatric patients initially, and hence, all of the necessary
safety and toxicity trials would need to be performed in
adults. Unfortunately, it is not obvious which adult disease
would be the best suited for such an approach. However,
initial studies have begun in collaboration with the City
of Hope Medical Center, and virally modified NSCs have
been infused into individuals diagnosed with malignant
brain tumours. Patients were pre-screened for antibodies
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against NSC and if they tested positive, they were not eligi-
ble for this trial. Additional experiments have confirmed
that NSC-mediated drug activation can be observed in this
setting, and future trials will continue to assess the safety
of this approach. To date, no adverse events or effects have
been seen that would contra-indicate the use of this ap-
proach in either adults or children.

Summary

The use of enzyme/prodrug approaches has long been
recognized as a potential method for improving drug ther-
apy, but to date, both chemical and biological issues have
significantly limited the efficacy of such methodology.
With CE/CPT-11, we believe that the vast majority of the
areas of concern have been significantly reduced by careful
optimization of each component of the system. This
includes the design of a human CE that can efficiently
activate the drug, as well as being capable of being secreted
to provide a bystander effect; the use of tumour-tropic NSC
that are amenable to viral transduction; the use of adenovi-
rus that yield very high levels of CE proteins; and effective
and predictive animal models that more accurately reflect
esterified drug metabolism in humans. Ultimately of
course, the success of this technology will be determined
using very specific clinical trials that select the appropriate
patient population in which such an approach would be
effective. While this technique will not be generally appli-
cable to all individuals diagnosed with cancer, for the
patients who have minimal residual disease that contribute
to relapse, such as paediatric neuroblastoma patients, this
approach may be highly beneficial.
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