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The inclusion of genes that control cell fate (so-called suicide,
or kill-switch, genes) into gene therapy vectors is based on a
compelling rationale for the safe and selective elimination of
aberrant transfected cells. Prodrug-activated systems were
developed in the 1980s and 1990s and rely on the enzymatic
conversion of non-active prodrugs to active metabolites that
lead to cell death. Although considerable effort and ingenuity
has gone into vector design for gene therapy, less attention
has been directed at the efficacy or associated adverse effects
of the prodrug systems employed. In this review, we discuss
prodrug systems employed in clinical trials and consider their
role in the field of gene therapy. We highlight potential draw-
backs associated with the use of specific prodrugs, such as sys-
temic toxicity of the activated compound, the paucity of data on
biodistribution of prodrugs, bystander effects, and destruction
of genetically modified cells, and how these can inform future
advances in cell therapies.
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INTRODUCTION
The development of gene therapy over the last four decades has been
driven by increasingly sophisticated molecular techniques. Defined as
the transfer of genetic information in order to modify the phenotype
of a cell, gene therapy today has wide therapeutic applications for the
treatment of inherited and acquired diseases, including cancer.
Consequently, gene therapy can be categorized in a number of
ways, such as by cellular target, mode of delivery of the genetic mate-
rial, and the underlying rationale of treatment.

With regard to mode of delivery, cells can be genetically modified
in vivo, where vectors carrying the genetic material are targeted to
specific cells or tissues, whereas ex vivo approaches involve the
removal of target cells from the patient, followed by genetic modifica-
tion and re-infusion of the engineered product. Vectors used in gene
therapy may be viral or non-viral, including plasmids or plasmids
combined with liposomes. At present, the two most commonly
used vector systems are adenoviruses, or adeno-associated viruses
for in vivo gene transfer to post-mitotic cells, and lentiviral vectors
for ex vivo approaches where genetic material is transferred to
stem/progenitor cells.1,2

Ultimately, the success of gene therapy relies on two main factors:
first, on the ability to safely administer genetic material; and second,
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to achieve adequate expression of the desired gene product at thera-
peutic levels in specific cells or tissues. With regard to the latter, much
research has centered on the optimization of vectors andmode of vec-
tor delivery, a topic that is beyond the scope of this review.

In terms of safety, several issues require consideration: an important
challenge is the potential for insertional mutagenesis caused by inte-
gration of vectors into the host genome and the resultant develop-
ment of malignancy.3 Although the use of lentiviral vectors reduces
the likelihood of integration near known oncogenes or tumor sup-
pressor genes, other mechanisms of disrupted cellular function
remain of concern. Moreover, when modifying stem cells, the trans-
duced cells have the potential to last the lifetime of the host, expand in
number, and have a persistent clinical effect that over timemay be un-
wanted or harmful.4 In this context, long-term follow-up of patients
receiving gene therapy is crucial to understand its long-term effects
and the risks for oncogenesis.2

Prodrug-activated gene therapy

Early gene therapy trials carried out for monogenic diseases, such as
severe combined immune deficiency (SCID) and alpha 1-antitypsin
deficiency, initially focused on replacing a single deficient or mutated
gene with a normal copy. However, the safety concerns inherent in
cellular therapy were highlighted when 4 of 10 patients treated with
gene therapy for SCID developed acute T cell lymphoblastic leukemia
as the result of insertional mutagenesis into the host genome.4

One strategy to mitigate potential adverse effects (AEs) caused by
genetically modified cells is to include a cell-fate control system,
such as a suicide gene, in the transfer vector; thus, a second transgene
accompanies the gene of interest and acts as a suicide switch that al-
lows transduced cells to be destroyed when exposed to a particular
signal.1,5 Several mechanisms can be used to control cell fate in this
way (Figure 1). Prodrug-activated gene therapy (PAGT) strategies
aim to enable the selective, on-demand destruction of transduced
cells. A suicide transgene that encodes an enzyme is introduced
into a target cell, and the transduced cell then becomes able to convert
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Suicide, or kill switch, gene strategies

The final common pathway is destruction of selected cells

“on demand” by apoptosis.

(A) Prodrug-mediated approach. Cells are transduced

with the gene for an enzyme that converts an inactive

prodrug (in the examples shown, GCV or 5-FC) to an

active toxic compound.

(B) Monoclonal antibody mediated. Cells transduced with

a targetable cell surfacemarker (in the example, CD20) are

selectively targeted with a monoclonal antibody.

(C) Inducible fusion protein. Cells transfected with the

gene for a protein that dimerizes on administration of a

small molecule (in the example, AP1903) can be selec-

tively induced to undergo apoptosis.
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a specific, non-toxic prodrug into a toxic product.3,6 The activated
form of the prodrug is usually a small molecule, and therefore also
can diffuse along a concentration gradient into surrounding tissues,
such as adjacent tumor tissue.6–9

PAGT strategies were initially devised as a safety switch in the event of
excess or off-target toxicity in adoptively transferred cells. However,
the same mechanism can also be deployed to directly target and
destroy any aberrant cells, such as cancer cells that display a vulner-
ability to the activated prodrug (Figure 2). For example, in patients
with solid cancers, the transfer of a prodrug-activated gene alone
into tumor cells can be used to target the disease when conventional
treatments have failed. In addition to targeted killing of transduced
tumor cells using this mechanism, pre-clinical studies have shown a
bystander effect on non-transfected cells that can enhance
cytotoxicity.9,10

Conversely, in patients receiving allogeneic hematopoietic stem cell
transplants (HSCTs), PAGT has been used to attenuate the effects
of graft-versus-host disease (GvHD),1–5 acting as a safety mechanism
that can be activated as required when unacceptable toxicity of the
cellular product occurs.11
M

Themost common enzymes that have been used
in PAGT systems are herpes simplex virus
(HSV)-derived thymidine kinase (TK; HSV-
TK), cytosine deaminase (CD) from Escherichia
coli or yeast, and E. coli-associated nitroreduc-
tase (NTR), which render cells sensitive to their
respective prodrugs, ganciclovir (GCV), 5-fluo-
rocytosine (5-FC), and CB1954.

Early experience from clinical trials demon-
strated the feasibility of PAGT, especially in the
setting of cancer therapy. This has served as a
model for evaluating PAGT as a strategy in other
areas targeted by genetic modification, such as
monogenic gene therapy and cellular therapy.

In recent years, inherent problems with the vec-

tors used for PAGT led to the field developing novel approaches to
ensure the safety of genetically modified cells, subsequently focusing
on methods that do not rely on prodrug metabolism. Table 1 presents
an overview of suicide-gene systems, including PAGT, and highlights
some of the distinct features associated with each approach.

In this review, we describe prodrug-activated suicide systems that have
been employed in clinical trials, associated advantages and drawbacks,
as well as some of the innovative solutions developed to circumvent
respective shortcomings. In particular, we aim to focus on inherent
problemsof the prodrugs themselves, an area that is oftennot addressed
or reported in clinical studies. In an era of resurgent interest in cellular
and genetic therapies, with many hundreds of clinical studies ongoing
for a broad range of applications, these insights may inform the design
of new cellular safety switches in this constantly evolving field.

Preclinical and clinical experience with the HSV-TK, CD, and

NTR prodrug-activating systems reported prodrug activity and

toxicities

HSV-TK/GCV PAGT

The HSV-TK gene is arguably the PAGT most extensively studied in
human clinical trials. HSV-TK is a cell-cycle-dependent enzyme with
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Figure 2. Schematic of prodrug-activated suicide gene therapy in relevant

treatment contexts

In cancer therapy, the introduction of a suicide gene is a primary treatment strategy,

in that the suicide gene/prodrug combination targets the tumor directly and to a

degree also indirectly through the bystander effect. By contrast, using a PAGT

approach with cellular products such as chimeric antigen receptor (CAR) T cells, or

alongside the gene of interest in monogenic gene therapy, allows the on-demand/

selective destruction of the co-transfected cells in the event of safety concerns or

unacceptable side effects/toxicity. In this case, the administration of the prodrug

occurs only when the kill switch is to be deployed.
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high affinity predominantly for GCV, an acyclic nucleoside analog of
20-deoxyguanosine that is commonly used in the treatment of herpes
virus infections. HSV-TK catalyzes the phosphorylation of GCV,
leading to the generation of di- and tri-phosphate derivatives, which
incorporate into replicating DNA in proliferating cells, thereby inhib-
iting DNA chain elongation and ultimately causing apoptosis. It
has been shown that cells transduced with the HSV-TK gene retain
sensitivity to GCV. Importantly, however, GCV kills only those
HSV-TK-expressing cells that are actively proliferating and spares
resting HSV-TK-transduced cells.12,34,35

The feasibility of inserting HSV-TK into cells to exploit their drug
sensitivity after administration of a prodrug was first shown in cancer
models in the 1980s. Treatment of in vitro cell lines with the HSV-TK-
specific substrate 9-([2-hydroxy-1-(hydroxymethyl)ethoxy]methyl)-
guanine ablated their clonogenic potential. Similarly, administration
of this prodrug to BALB/c mice bearing HSV-TK-positive tumors
could induce complete regression of tumor growth.36

Following these supportive preclinical data, the first published clinical
experience that demonstrated the proof of concept that PAGT as a kill
1718 Molecular Therapy Vol. 29 No 5 May 2021
switch using cellular therapy was feasible and safe in human subjects
was reported in 1997 by Bonini et al.5 in allogeneic bone marrow
transplant recipients. Eight patients who relapsed after HSCT or
developed post-transplant lymphoproliferative disease (PTLD) were
treated with donor lymphocytes that had been transduced with the
HSV-TK suicide gene (TK cells). Three patients developed GvHD af-
ter receiving donor lymphocytes and were effectively treated with
GCV administration at a dose of 10 mg/kg/day until GvHD resolu-
tion. Some patients also required steroids to achieve complete remis-
sion, but no specific toxicities from administration of the GCV
prodrug were reported.

Approximately 150 patients have since been recruited into multiple
clinical trials in different countries in order to receive TK cells after
HLA-identical or haploidentical HSCT to mitigate the effects of
GvHD.3

One study, the TK007 trial, enrolled 50 patients who underwent hap-
loidentical HSCT between 2002 and 2008. Twenty-eight patients
received TK cells, of whom 11 developed GvHD. In all patients,
GCV administration to mediate prodrug-activated cell destruction
led to resolution of GvHD. No adverse events observed in this patient
cohort were attributed to the cellular product or indeed the prodrug.13

A long-term follow-up study of patients treated in this way at several
European centers reported that of the 11 patients who received TK
cells, 2 developed GvHD, which was successfully controlled with
GCV administration. HSV-TK gene expression was found to persist
until about 2 years after infusion of TK cells. Overall, the use of trans-
duced TK cells was considered to be safe and efficient.13,14,37 Given
these promising results, TK PAGT was advanced into a multicenter,
randomized phase 3 clinical trial in patients with high-risk leukemia
receiving a haploidentical HSCT (ClinicalTrials.gov: NCT00914628).
This trial is currently ongoing and expected to complete in 2021.

PAGT strategies with the HSV-TK system have also been studied in
solid cancers. Intra-tumoral implantation of HSV-TK-modified cells
into experimental rodent brain tumors led to regression of tumors af-
ter GCV administration. In this approach to PAGT, introduction of
vector-producer cells directly into the tumor allowed HSV-TK to
sensitize adjacent tumor cells to the GCV prodrug, and the adminis-
tration of the prodrug is required to achieve the desired anti-tumor
effect. In a cohort of 15 patients, HSV-TK-engineered cells were
shown to have anti-tumor activity, although only patients with very
small tumors responded to the treatment. This phenomenon was
thought to be related to the constraints of transferring large, relatively
non-motile cells containing a vector that cannot replicate into a spe-
cific tumor site.38

In the single-arm phase 1/2 GLI328 European-Canadian study, 48 pa-
tients with relapsed glioblastoma multiforme received HSV-TK-
transduced cells by intra-tumoral injection, followed by systemic
administration of GCV on days 14–27. The PAGT approach in this
setting was found to be safe and feasible, including use of the prodrug,
but with limited therapeutic efficacy of the cell product, as only one
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Table 1. Selected prodrug-activated gene therapy (PAGT) and alternative “suicide gene” systems, activating/prodrugs used and potential advantages and disadvantages.

Category

Prodrug(s)
(route of
administration) Active metabolite

Time to peak serum
concentration of
prodrug (estimated)

Duration of
prodrug
administration Advantages Disadvantages References

Prodrug-activated systems

Herpes simplex
thymidine kinase
(HSV-TK)

Ganciclovir (iv)
Valganciclovir (po)
Valaciclovir (po)
Aciclovir (po/iv)

Ganciclovir
triphosphate
(GCV-3P)

1.5-3 hours (po)
Immediate (iv)

7-21 days
-Widely used in clinical trials;
-Effective;
-Safe

-Immunogenicity;
-Alternative splice sites;
-Toxicity of prodrug (e.g. bone marrow
suppression);
-Only effective for proliferating cells;
-Prolonged prodrug schedule (2-3 weeks);
-Need for treating CMV infection
with GCV can lead to premature destruction
of cells

1,3,5,12–18

Cytosine
deaminase (CD)

5-Fluorocytosine
(5-FC) (po/iv)

5-Fluorouracil 1-2 hours 7-21 days
-Used in clinical trials;
-Safe;
-Some efficacy

-Immunogenicity;
-Toxicity of prodrug (mainly
hematologic);
-Prolonged prodrug schedule
(2-3 weeks)

19–23

Nitroreductase CB1954 (iv/ip)
5-(aziridin-1-yl)-
4-N-acetoxy-2-
nitrobenzamide

3-4 hours

One time
treatment,
repeated
3-weekly
for up to
6 cycles

-Safe;
-One-time prodrug
treatment fast;
-Re-treatment with
prodrug possible

-Limited clinical trial experience;
-Toxicity of prodrug (lymphopenia,
transaminitis)

24–26

Cytochrome
P450 (CYP450)

Oxazaphosphorines
(e.g. cyclophosphamide,
ifosfamide) (iv)

4-hydroxy
derivative of
oxazaphorine

24 hours

14 days every
28 days,
repeated up
to 7 cycles

-Less immunogenic;
-Well tolerated

-Limited clinical trial experience;
-Metabolism through endogenous
P450 system causing systemic toxicity

27

Purine Nucleoside
Phosphorylase/

6-Methylpurine
Deoxyriboside or
Fludarabine (iv/po)

2-deoxyribose-
1-phosphate

0-24 hours 3 days
-Potent bystander effect;
-Well tolerated

-Limited clinical trial experience 28

Carboxypeptidase
G2

Nitrogen Mustard
(e.g. ZD2767P) (iv)

DNA alkylating
agent

minutes
3 bolus
injections on
one day

-Causes apoptosis in
dividing and non-
dividing cells;
-Well tolerated

-Limited clinical trial experience
-Immunogenicity
-Limited clinical effect

29

Therapeutic monoclonal antibody-mediated

CD20
tEGFR

N/A

anti-CD20
antibody (e.g.
rituximab) anti-
tEGFR antibody
(e.g. cetuximab)

hours
hours

2-8 hours iv
60-120 mins (iv)

-Rapid onset;
-Extensive experience
with several antibodies
(e.g. rituximab,
cetuximab) for other
clinical indications;
-Non-immunogenic

-Limited clinical data 30–32

Dimerization-
inducing

iCasp9 N/A AP1903 minutes (iv) minutes
-Rapid onset;
-Non-immunogenic

-Limited clinical data 33

i.p., intraperitoneally; N/A, not applicable; p.o., per os (orally).
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patient remained disease-free at 24 months.15 Subsequently, a pro-
spective, multicenter, open-label phase 3 trial randomized patients
with previously untreated glioblastoma multiforme to receive either
standard treatment (surgical resection followed by radiation) or
standard therapy plus PAGT. Patients randomized to the PAGT
treatment arm received cells derived from a murine fibroblast cell
line transfected with a replication-deficient retrovirus containing
the HSV-TK gene (G1Tk1SvNa.7); GCV was administered to all
PAGT-treated patients at a dose of 5 mg/kg twice daily on days 14–
27 after tumor resection. Progression-free and 12-month overall sur-
vival rates between the gene therapy group and the control group
showed no statistically significant differences. PAGT therefore
improved neither time to tumor progression nor overall survival,
although the feasibility and favorable biosafety profile of this gene
therapy strategy were further supported. No specific toxicities of using
GCV in this context were described.16

One of the problems in human trials of HSV-TK PAGT has been the
effective delivery of the vector to the tumor site and dissemination
throughout the tumor, which is thought to be limited in part by the
presence of abnormal gap junctions, especially in solid tumors.39

The main focus in much of the work on PAGT systems with the
HSV-TK vector has therefore focused on increasing the efficacy of
vector delivery. Conversely, the role of individual prodrugs, their
route of administration, distribution, and specific side-effect profiles
have not been addressed in equal measure. For example, to our
knowledge, dosing strategies of GCV or the management of antici-
pated AEs of GCV are often not discussed in detail in the HSV-TK
PAGT literature, and this makes it difficult to extrapolate and quan-
tify how the prodrug itself may influence the overall efficacy of this
PAGT approach.

Use of oral equivalents to GCV: valganciclovir and valacyclovir

Valganciclovir (vGCV) is a prodrug of GCV that can be given orally.
vGCV is considered to be as efficacious as intravenous (i.v.) GCV for
its licensed indication, the treatment of cytomegalovirus (CMV) dis-
ease. Oral valacyclovir (VAV) is another suitable and well-tolerated
alternative to i.v. GCV and is often used for the prophylaxis of
CMV infection after HSCT. VAV has greater bioavailability than
acyclovir and in a randomized comparison with i.v. GCV was shown
in HSCT recipients to have less dose-limiting neutropenia but equiv-
alent efficacy in the prevention of CMV disease.40 These data led to
the adoption of oral GCV equivalents in clinical trials with PAGT-
based systems.

Chiocca et al.17 used VAV as the prodrug in a phase 1b study in which
13 patients were treated with neoadjuvant AdV-TK, an adenoviral
vector containing the HSV-TK gene, for newly diagnosed malignant
gliomas. Patients received vector particles via tumor bed injection at
the time of surgery, followed by 14 days of VAV at a dose of 2 g three
times a day. Several AEs observed during the study, including head-
ache, mood alteration, speech impairment, fever (1 patient each),
and transient transaminitis (11 patients), all occurring at grade 1–2,
were thought to be possibly, but not definitely, related to the
1720 Molecular Therapy Vol. 29 No 5 May 2021
combined administration of the AdV-TK vector plus the prodrug,
and not exclusively attributed to the prodrug itself.17 A subsequent
phase 2 study by the same group recruited 48 patients who were
treated post-surgery with AdV-TK and oral VAV, followed by stan-
dard-of-care radiation therapy and temozolomide. No dose-limiting
toxicities of the vector plus prodrug treatment were described; fever,
fatigue, and headache (mainly grade 2) were themost common symp-
toms possibly attributable to the combination of vector and prodrug,
because they occurred during the period of prodrug administration
(weeks 1–3 of treatment). Again, none of the AEs were directly attrib-
uted to the use of VAV.18

In summary, therefore, oral equivalents of i.v. GCV are well tolerated
and safe andmay be as efficacious as their i.v. equivalents in activating
the prodrug system, although systematic head-to-head comparisons
between i.v. and oral GCV in PAGT systems have not been carried
out.

CD/5-FC PAGT

CD is an enzyme found in fungi and bacteria, such as Escherichia coli
or yeast.41 CD catalyzes the hydrolytic deamination of cytosine into
uracil and therefore can convert the non-toxic prodrug 5-FC (flucy-
tosine) to 5-fluorouracil (5-FU), which is then transformed by cellular
enzymes into three potent pyrimidine anti-metabolites: 5-FdUTP, 5-
FUTP, and 5-FdUMP. Cytotoxicity subsequently ensues as a result of
three different pathways: thymidylate synthase inhibition and the for-
mation of (5-FU)-RNA and (5-FU)-DNA complexes.42

Mammalian and plant cells are naturally deficient in CD activity
because they lack the enzyme and therefore are resistant to 5-FC.
CD-transformed cells acquire CD activity and thus become sensitive
to treatment with 5-FC, forming the basis for the use of the E. coli or
yeast CD (yCD) genes as a suicide gene.9

5-FC is a synthetic compound developed initially for its antimycotic ac-
tivity. It does not have intrinsic antifungal capacity but is converted into
5-FU after it is taken up by susceptible fungal cells, and its metabolites
lead to inhibitionof fungalRNA,DNA, andprotein synthesis.With sys-
temic administration, 5-FC can also be deaminated to 5-FU by gut bac-
teria, leading to potential gastrointestinal (GI) side effects. 5-FU is a
widely used cytotoxic chemotherapy agent in the treatment of many
solid tumors but requires the administration of high doses to achieve
an anti-tumor response. One of the advantages of the CD/5-FC system
as a PAGT strategy, therefore, is that it enables a more targeted
approach to tumor cells, allowing the use of standard doses of 5-FC
and bypassing some of the side effects of systemic 5-FU administra-
tion.9 In addition, the CD/5-FC system has a stronger local bystander
effect compared with the HSV-TK/GCV system because it does not
require cell-to-cell contact and is less dependent on gap junctions.7–9,43

The anti-cancer effects of the CD/5-FC SGT system in the preclinical
setting were demonstrated in human cancer cell lines and multiple
xenograft tumor models, including for glioblastoma, and lung and
cervical cancer.19,43–46
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In the clinical setting, the CD/5-FC PAGT system has been described
mostly in small case series and early-phase clinical trials in patients
with different solid cancers. One of the first trials of the E. coli CD/
5-FC system in humans involved the CD gene driven by a tumor-spe-
cific erbB-2 promotor. In 12 patients with breast cancer, this
approach was demonstrated to result in selective tumor-targeted
gene expression and met safety endpoints. The prodrug itself was
well tolerated without any unexpected AEs or negative impact on
treatment efficacy.47

In a study of two patients with malignant pleural effusions as a result
of advanced lung cancer relapsing after frontline chemotherapy, the
subjects received two doses of an adenoviral CD-containing vector
(Ad.CD) administered intra-pleurally. Patients were subsequently
treated with 14 days of oral 5-FC at a dose of 500 mg four times a
day. Both patients had complete resolution of their pleural effusions
but also were reported to have grade 3 neutropenia and anemia attrib-
uted to the effects of 5-FC compounding bone marrow suppression as
a result of prior systemic chemotherapy.20–22

A pilot trial recruited three patients with refractory solid cancers for
treatment with TAPET-CD, an attenuated Salmonella bacterium
strain (VNP20009) with the E. coli CD gene inserted at the DmsbB
locus to enhance its effectiveness. TAPET-CD vector particles were
injected directly into tumor tissue once every 28 days, and patients
then received treatment with 5-FC for 10 days at a dose of 100 mg/
kg/day orally in three divided doses. The approach was shown to be
safe and feasible with manageable toxicity. Reported AEs, including
coronary vasospasm, weakness, fever, and pain, were attributed to
the vector, but not the prodrug.23

NTR/CB1954 PAGT

CB1954 is a weak alkylating agent that can be converted by the E. coli
bacterial enzymeNTR into the cytotoxic compound 5-(aziridin-1-yl)-
4-N-acetoxy-2-nitrobenzamide and induces cell death by forming in-
ter-strand DNA cross-links. In vitro experiments have shown that
NTR-expressing cancer cell lines were up to 500- to 2,000-fold
more sensitive to CB1954 than parental cell lines. Cell killing by acti-
vated CB1954 is cell cycle independent. No human homolog of NTR
exists, and CB1954 is a poor substrate for human DT-diaphorase.
CB1954 therefore is not readily converted to the activated species
in non-NTR-expressing cells. Targeting tumors with NTR delivered
through an adenovirus vector, followed by administration of
CB1954, may lead to tumor-specific cell killing because only cells
transduced with NTR should be directly susceptible to CB1954.48,49

This hypothesis was tested in a number of animal models; in an
NTR-expressing pancreatic cancer xenograft model, 80% of mice
treated with CB1954 achieved lasting remissions compared with an-
imals with wild-type tumors.49–51

Importantly, in the clinical setting, the toxicity and pharmacokinetics
of CB1954 as a single agent were first assessed in a phase 1 trial prior
to administering the vector/prodrug combination, an approach that
may allow to distinguish more precisely between effects caused by
the prodrug versus the vector. Thirteen patients with a range of solid
tumors, including colorectal, gastric, and esophageal cancers, received
CB1954 as an i.v. injection every 3 weeks for up to a total of six cycles.
Dose-limiting toxicities were diarrhea and hepatic toxicity, at a dose
of 37.5 mg/m2. A dose of 24 mg/m2 was advanced into a phase 1/2
trial with an adenovirus-NTR vector.24 In this study, a group of 20 pa-
tients with prostate cancer received escalating doses of the replica-
tion-defective adenovirus vector CTL102 encoding bacterial NTR,
to establish the safety of the vector. Subsequently, 19 patients then
received viral vector particles in combination with the CB1954 pro-
drug (given i.v. over 5 min), and 14 patients were able to be success-
fully re-treated.25 The only AEs attributed to the PAGT treatment
were GI symptoms, pain at the injection site, low-grade fever, lym-
phopenia (mostly grade 3), and transaminitis (mostly grade 2), all
of which were transient and did not require intervention. Although
the treatment overall was felt to be safe and deliverable with minimal
toxicities, only seven patients achieved >10% reduction in prostate-
specific antigen (PSA). Further development of the system may be
warranted nonetheless, and it has been debated whether this can be
achieved by increasing the catalytic activity of NTR through targeted
mutations or by using an alternative prodrug.

Drawbacks of PAGT and alternative strategies

In general, strategies that aim to improve some of the shortcomings of
PAGT have focused mainly on modifications in different areas, such
as vector design, consideration of bystander effects, or developing
alternative suicide approaches that allow gene-modified cells to be de-
stroyed. The contribution of the prodrug itself on the safety and effi-
cacy of a given PAGT approach may be difficult to determine but is
also worth considering. We describe some important areas of
PAGT development below.

Use and dosing of prodrugs

GCV and its oral derivatives are commonly used to treat viral infec-
tions such as CMV, which commonly occur in immunocompromised
patients, especially after HSCT. Consequently, administration of the
prodrug in the context of active CMV infection would lead to an un-
wanted prodrug-activated destruction of engineered cells and prema-
ture abrogation of their intended function. Some authors have argued
that immune reconstitution aided by the administration of TK cells
may counterbalance the risk for infection with viruses such as
CMV, therefore making the need for GCV administration less likely,
and studies in HSCT patients have used alternate agents, such as fos-
carnet, to substitute GCV (or its equivalent oral form) in the treat-
ment of CMV infections.13,14

Another important consideration relates to prodrug dosing in clinical
trials. This is generally in line with standard therapeutic dosing rec-
ommendations as per the drug summary of product characteristics.
Even in clinical studies that combine suicide genes such as HSV-
TK and CD in one vector, the respective prodrugs are administered
at full licensed therapeutic dose. Bearing in mind that PAGT strate-
gies are often used in patients with limited or already compromised
bone marrow reserve, such as HSCT patients or a heavily pretreated
Molecular Therapy Vol. 29 No 5 May 2021 1721
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oncology patient population, hematological toxicity especially needs
to be anticipated and may limit the administration and effect of the
prodrug itself.

Finally, oral administration of prodrugs may be highly desirable and
advantageous in terms of time spent in hospital and ease of adminis-
tration, especially if a prodrug is given over a period of several weeks
in the ambulatory care setting. However, monitoring patient adher-
ence with prodrugs in this context may be more difficult, and non-
compliance with medication could become an issue affecting the
efficacy of the PAGT approach.

Vector design

The most widely studied PAGT approach to date has employed the
HSV-TK gene. From the available clinical trials data, several prob-
lems with this particular PAGT system are broadly related to the
TK gene itself and/or vector design and highlight limitations of
the field in general: first, viral epitopes encoded by the TK gene
are immunogenic, which can result in the unintended elimination
of the transduced cell population.1,14,52,53 Second, alternative splicing
sites in the TK gene can lead to non-functional enzymes, and there-
fore a suboptimal response to the administered prodrug.54 Third, the
PAGT strategy is dependent on the cell cycle, and its effectiveness
relies on the presence of actively dividing cells. Therefore, the tar-
geted elimination of transduced cells is not immediate, whereas
resting or post-mitotic cells harboring the prodrug-activating gene
are usually spared.35

Bystander effects

Depending on the PAGT system used, bystander effects can differ and
may affect treatment efficacy. Bystander effects, both local and
distant, have mostly been described in cancer models, and in this
context are defined as evidence of tumor regression when not all tu-
mor cells express the prodrug-activating/suicide gene. Local
bystander effects are thought to be precipitated by a number of mech-
anisms, such as the passive diffusion of the activated drug, transfer
through gap junctions, or mediated through apoptotic bodies gener-
ated by dying cells, which can be taken up by non-modified adjacent
cells.9,55 Distant bystander effects refer to regression of tumor tissue
distant from the sites expressing the prodrug-activating gene and
are most likely related to activation of immune effector cells, such
as T cells and NK cells.

The efficiency of tumor cell transduction with the prodrug-activating
gene vector may considerably influence the anti-tumor activity of
local bystander effects, as evidenced by experiments in mouse models
comparing the efficacy of HSV-TK and CD systems.55,56 Additional
preclinical work also has shown that compounds that increased the
expression of connexin moieties in gap junctions, such as the poly-
phenol resveratrol, can enhance the local bystander effect of PAGT
systems.56

It is important to consider the contribution, especially of local
bystander effects, in the evaluation of individual PAGT systems.
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Thus, in cancer therapy, a bystander effect may be desirable, and po-
tential additional toxicity arising from this and/or the dose of prodrug
required to achieve this could be more acceptable than in the setting
of gene therapy for non-malignant diseases where PAGT is employed
specifically as a safety switch, and additional tissue damage through
bystander effects is an unintended consequence. Bystander effects
are often not routinely described in clinical trials in terms of an
outcome measure, and therefore it is difficult to quantify the impact
on surrounding healthy tissues.

Modifying existing PAGT systems

HSV-TK systems

The generation of mutated HSV-TK variants can avoid cryptic splice
sites and therefore the likelihood of the development of GCV-resis-
tant genetically modified cells during clinical trials.57 The HSV-TK
platform may also be further improved by expressing HSV-TK under
the control of a promoter known to be active in the tumor microen-
vironment, as reported in a mouse model where a novel STAT3/nu-
clear factor kB (NF-kB)-based reporter system was used to drive the
expression of HSV-TK and was therapeutically active after GCV
administration.58

A novel mechanism through which the safety of cell therapy could
be optimized to eliminate unwanted proliferating cells is creating a
transcriptional link of a gene absolutely essential to cell division,
such as CDK-1 with a prodrug-activated gene such as HSV-TK.
Using this approach in a mouse model, Liang et al.59 were able
to show how potentially tumorigenic proliferating cells contami-
nating a terminally differentiated cell product derived from
induced pluripotent or embryonic stem cells can be successfully
eliminated. This study used mathematical modeling to estimate a
safe number of cells based on the cell dose and the extent of homo-
zygosity of the genome editing undertaken and is the first to quan-
tify the safety of cell therapy. Finally, mesenchymal stromal cells
engineered to express HSV-TK and injected into tumor tissue in
murine cancer models have been shown to lead to tumor regres-
sion, as well as induce measurable NK cell and cytolytic T cell re-
sponses after treatment with GCV, highlighting the potential of
advanced cell therapy approaches that may harness a PAGT
strategy.60,61

CD systems

In mice, yCD has superior kinetic properties toward 5-FC and some-
what improved efficacy for treating tumors than bacterial CD
(bCD).62 However, wild-type yCD is relatively thermolabile as
compared with bCD, a property that may limit its performance in
therapeutic applications. The half-life of yCD can be stabilized and
extended by repacking of its hydrophobic core at several positions
distant from the active site. Random mutagenesis of residues selected
based on alignment with similar enzymes, followed by selection for
enhanced sensitization to 5-FC, can produce enzyme variants with
an increased activity half-life. These mutations may significantly
improve the enzyme’s performance in PAGT assays, as shown both
in cell culture and in animal models.63
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Retroviral replicating vectors (RRVs) maintain viral persistence in tu-
mors by non-lytic replication, stable integration into the cancer cell
genome, and reduced viral immunogenicity. RRVs can achieve effi-
cient tumor transduction and improve therapeutic benefit in a variety
of cancer models. Although not intrinsically cytolytic, RRVs can be
engineered to carry prodrug activator genes, such as HSV-TK and
yCD, to mediate synchronized cell killing of infected tumor cells
upon prodrug administration.

yCD can be delivered into cancer cells via the RRVToca 511 system. It
converts the investigational prodrug Toca-FC (extended-release 5-
FC) into 5-FU and showed promising results in a phase 1 clinical trial
in patients with recurrent glioblastoma: in a comparison with a
matched external control group of patients receiving conventional
standard-of-care treatment, patients treated with the RRV Toca 511
system survived for longer, and interestingly, translational studies
indicate antitumor immunity mediated by memory T cells.64 Further
investigation into the mechanisms underlying the therapeutic efficacy
of Toca 511/5-FC in syngeneic models of murine glioma and xeno-
graft models of human glioma demonstrated that long-term tumor
control in immunodeficient models could be achieved but was depen-
dent upon continued administration of prodrug using a cyclical
dosing schedule; by contrast, in immunocompetent models, the pro-
drug could be discontinued after a few cycles without further tumor
recurrence, suggesting that the induction of anti-cancer immunity
may play an important role in achieving long-term disease
control.64,65

Also under development are more convenient chromatography-
based detection methods that allow the determination of the in vivo
conversion rate of 5-FC to 5-FU, which ultimately may allow a
tailored approach to the administration of prodrug.66

Combined HSV-TK and CD PAGT approaches

Several studies have been reported in prostate cancer patients treated
with an adenovirus vector containing both the CD and TK genes. The
initial phase 1 clinical trial experience was published by Freytag
et al.67 in 2002. Subjects were treated with a replication-competent
adenovirus carrying a CD/HSV-TK fusion gene (Ad5-CD/TK). All
patients then received the prodrugs 5-FC and GCV at doses of 150
and 10 mg/kg/day, respectively, for either 7 or 14 days. Three of the
16 patients enrolled showed a decrease in PSA. One patient experi-
enced grade 3 leukopenia attributed to the prodrugs, but this resolved
spontaneously after completion of treatment.67

The double-PAGT approach has been shown to be effective and safe,
also when combined with additional therapeutic modalities such as
radiation. In an initial phase 1 study of this combined approach, pa-
tients received escalating doses of two prodrugs, 5-FC and vGCV: 5-
FC was administered orally for 1, 2, or 3 weeks (depending on trial
cohort), at a total dose of 150 mg/kg/day in four divided doses;
vGCV was also given orally for up to a total of 3 weeks at a dose of
1,800 mg/day in two divided doses. The vast majority (94%) of AEs
were mild to moderate in nature (grades 1–2). AEs specifically
attributed to prodrug therapy were lymphopenia (93%), anemia
(67%), diarrhea (53%), and GI discomfort (33%). Hyperglycemia
was observed in 47% of patients, especially in elderly patients who
were known to be borderline diabetic, and was also thought to be
related to prodrug therapy.68 A further phase 1 study went on to eval-
uate a similar combined radiation/PAGT approach using an
improved second-generation adenovirus, Ad5-yCD/mutTKSER39rep
ADP. The enzyme products of the yCD/mutTKSER39 vector were
both demonstrated to be catalytically more active compared with
the first-generation vector, thereby leading to an enhanced chemo-
therapeutic and radiation-sensitizing effect. Again, the majority of
AEs were mild to moderate (grades 1–2), with only five events being
grade 3 or above. Anemia, neutropenia, and lymphopenia were attrib-
uted to the well-known hematological effects of the prodrugs used
and were self-limited. Most of the treatment effect was observed in
the intermediate-risk group, with all 12 patients showing no evidence
of residual cancer in their latest biopsy.69 In terms of safety, a pooled
analysis of the findings of three phase 1 trials in this patient popula-
tion showed no late side effects of this approach to gene therapy at 5-
year follow-up.70

In a phase 2 clinical trial, the same research group reported on the
safety and efficacy of combining oncolytic adenovirus-mediated cyto-
toxic gene therapy with intensity-modulated radiation therapy
(IMRT) in 44 patients with intermediate-risk prostate cancer.71 The
vector was an adenovirus combining PAGT with CD/5-FC and
HSV-TK/vGCV, which was shown to render prostate cancer cells
sensitive to pharmacological therapy, as well as ionizing radiation. Pa-
tients were treated with intra-prostatic injection of viral particles on
day 1, and 2 days later received radiation in addition to commencing
oral treatment with 5-FC (4 � 150 mg/kg/day) and vGCV (2 �
1,800 mg/kg/day) for 2 weeks. The majority of AEs (98%) were grade
1–2, with those specifically attributed to the prodrug regimen being
neutropenia (7 patients) and thrombocytopenia (10 patients). Sixty-
seven percent of patients received the full prescribed doses of prodrug.
As per the study protocol, the doses of 5-FC and vGCV were reduced
to 50% and 75%, respectively, in six patients, owing to transient
thrombocytopenia (n = 2), neutropenia (n = 2), and nausea/vomiting
(n = 2). One patient received a partial dose of prodrug because of
noncompliance. Overall, the authors concluded that the PAGT
approach in conjunction with radiation was well tolerated without
any exacerbation of the most common side effects of prostate radia-
tion, with a clinically meaningful reduction in positive biopsy results
at 2-year follow-up.71

In a different approach, dual RRV-mediated TK/GCV and CD/5-FC
combinatorial gene therapy has been shown to achieve synergistic
cytotoxic efficacy compared with single-vector gene therapy, and
co-infection of cancer cells by two different RRVs carrying different
prodrug activator genes may also avoid drug resistance.72

NTR systems

Analysis of the crystal structure of the NTR enzyme-ligand complex
identified nine different amino acid residues within the active catalytic
Molecular Therapy Vol. 29 No 5 May 2021 1723
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site that may directly influence prodrug binding and catalytic activity.
Mutant libraries generated for each of these residues were screened for
their ability to sensitizeE. coli to CB1954, and amino acid substitutions
at six positions were shown to confer a markedly greater sensitivity to
CB1954 compared with the wild-type enzyme. Introducing this NTR
mutant into human SKOV-3 cells sensitized these cells to CB1954 at
clinically relevant prodrug concentrations by approximately 5-fold
versus the wild-type enzyme, thereby improving the efficacy of the
NTR/CB1954 combination in these in vitro experiments.73 Another
modification of this system describes the co-expression of bacterial
NTR with the human arylamine N-acetyltransferase NAT2. This
approach was also examined in the ovarian cancer SKOV3 cell line
and was shown to increase the sensitivity of these cells to CB1954, sug-
gesting that co-expression of these two genes may significantly
enhance responsiveness to prodrug treatment. Addition of the acetyl-
transferase also resulted in a markedly decreased bystander effect,
possibly because of a lower concentration of reactive metabolites in
the culture medium. These results suggest that a combination of bac-
terial NTR and human NAT2 may provide a greater clinical response
at therapeutic concentrations of CB1954, or even allow dose reduction
of the prodrug without loss of efficacy, provided the reduction in
bystander effect is not clinically significant.74 Similarly, combining
NTR/CB1954 and g-rays has been shown to lead to a synergistic effect
on HeLa cells in vitro, leading to enhanced radiosensitivity of tumor
cells.75 Molecular modeling studies may furthermore allow optimiza-
tion of the prodrug for theNTR system, and cell viability studies with a
series of nitro-substituted benzamide prodrugs have led to the discov-
ery of novel prodrug candidates with promising kinetic andmolecular
docking profiles for NTR-based therapy.76

Other PAGT approaches/systems

Several other prodrug systems are under development (see Table 1).
Clinical experience with the cytochrome P450/oxazaphosphorine,
carboxypeptidase G2/nitrogen mustard, or purine nucleosidase phos-
phorylase/fludarabine systems is relatively limited and has been
hampered partly by problems with targeted prodrug metabolism,
the efficient conversion of the respective prodrug, or the efficacy of
the vector/PAGT system.77,78

Cytochrome P450/oxazaphosphorine system

In two phase 1/2 trials, a total of 27 patients with pancreatic cancer
were treated with encapsulated genetically modified allogeneic cells
expressing a cytochrome P450 enzyme. The cells were delivered
into the tumor vasculature by super-selective intra-arterial angiog-
raphy, with the aim of locally activating systemically administered
low-dose ifosfamide. At a dose of 1 g/m2, ifosfamide was well toler-
ated by all patients in the first part of the trial, with regression of tu-
mors in four patients and stable disease in the other participants. A
higher ifosfamide dose of 2 g/m2 was found, however, to be toxic in
the majority of patients in the phase 2 portion of the trial, necessi-
tating dose reduction in one patient. Expected side effects attributed
to the prodrug included nausea and vomiting, malaise, anorexia, and
mild hematuria, but no serious adverse events were reported as a
result of the intervention.79,80
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Purine nucleoside phosphorylase/fludarabine system

Using E. coli purine nucleoside phosphorylase (PNP) to activate flu-
darabine was demonstrated to be safe and result in anti-tumor activity
in preclinical studies. Specifically, fludarabine monophosphate is con-
verted by E. coli PNP into fluoroadenine, which is phosphorylated
into its ATP analog (F-ATP) and incorporated into RNA, a process
that disrupts RNA and protein synthesis at a cellular level.

The E. coli/PNP system was advanced into a phase 1 clinical trial in 12
patients with head and neck squamous cell carcinoma. All patients
experienced AEs attributed to the study drug, but there were no
dose-limiting toxicities. Observed tumor responses were dose depen-
dent, and antitumor activity was confined to lesions that received in-
tratumoral injection, whereas non-target lesions remained stable or
progressed. Analysis of patient serum confirmed the lack of systemic
exposure to fluoroadenine, indicating that release of the compound
into the systemic circulation occurred at levels below the toxic
range.81

Alternative approaches for drug-activated gene therapies

Given the limitations inherent in the PAGT approaches described
above, alternative drug-activated systems are under development
and have been explored in clinical trials (Figure 1).

Monoclonal antibody-mediated systems

In order to overcome the immunogenicity described with some
PAGT vectors, cell-based studies have shown that targeting naturally
occurring or transduced surface molecules such as CD20, or a trun-
cated human epithelial growth factor receptor (tEGFR) polypeptide,
followed by injection of specific targeted monoclonal antibodies after
the infusion of the gene-modified cellular product, may be a feasible
strategy (Figure 1B).30,31,82

tEGFR is derived from the human full-length EGFR sequence and has
been modified to ensure it is physiologically non-functional while re-
taining its binding site for the antibody cetuximab. tEGFR has been
shown to be effective in the tracking, selection, and depletion of engi-
neered T cells. In a murine CAR T cell model, co-expression of tEGFR
on the surface of engineered T cells could be targeted with cetuximab,
eliminating the CAR T cell product and leading to recovery of func-
tional B cells, without disease relapse.31,32 Using this approach, un-
wanted CAR T cell-related complications such as cytokine release
syndrome (CRS), neurotoxicity, or long-term side effects such as B
cell aplasia may be mitigated, provided durable responses can be
induced and maintained after elimination of the therapeutic cell
product. Several early-phase clinical trials with CAR T cells trans-
duced with tEGFR are ongoing and targeting numerous different
tumor antigens such as EGFR itself, HER2, or CD19 in solid or hema-
tological malignancies (e.g., ClinicalTrials.gov: NCT03618381,
NCT03500991, and NCT01865617).

The epitope-based selection marker CD34/suicide gene CD20 RQR8
system allows for selective rituximab-mediated antibody-dependent
cellular cytotoxicity (ADCC) destruction of adoptively transduced
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CAR T cells (ClinicalTrials.gov: NCT03590574). To date, no pub-
lished clinical trials data are available describing the outcome of these
approaches in the setting of CAR T cell therapy. It will be of particular
interest to determine the rate and efficiency of cell elimination and
whether the unique side effects of CRS and neurotoxicity associated
with CAR T cell therapy can be mitigated with these strategies, given
that CRS, for example, may be perpetuated by immune elements re-
cruited into the tumor microenvironment.83

Dimerization-mediated systems: inducible caspase-9 (iCasp9)/

AP1903

iCasp9, an endogenous enzyme in humans that acts as an initiator
caspase in the intrinsic apoptosis pathway, has generated interest as
an inducible suicide switch. Inactive iCasp9 subunits coupled to the
FK-506 binding protein, FKB12, can be expressed in transduced cells,
and functional iCasp9 can subsequently be induced through subunit
dimerization, leading to DNA fragmentation and apoptosis of engi-
neered cells, including non-replicating cells (Figure 1C).

The otherwise biologically inert dimerizing agent, AP1903, is well
tolerated in patients and does not have any effects on endogenous,
non-transduced T cells. Pharmacokinetic data show that plasma
levels of AP1903 fall rapidly after i.v. infusion, decreasing to 18%
and 7% within 30 min and 2 h, respectively. In recipients of haploi-
dentical HSCT who also received genetically modified T cells, the
administration of AP1903 led to rapid apoptosis of up to 95% of
transduced cells within 30 min and control of GvHD.33,84 In vitro
data show that repeat infusions of the dimerizing agent are feasible,
and in the study by Di Stasi et al.,33 the trial protocol allowed for
the infusion of additional doses of AP1903; however, no patients
treated with AP1903 required this because there was no recurrence
of GvHD.79 Interestingly, three of four patients treated with
AP1903 did go on to have disease relapse, prompting concern that
the graft-versus-leukemia effect of alloreactive T cells could be
compromised with this strategy.85

In a preclinical model of natural killer CAR (NK-CAR) cells, cord
blood-derived NK cells were transduced with three constructs,
including the CD19 CAR, an interleukin-15 gene, as well as iCasp9.
The authors were able to show that the resultant NK-CAR cells could
be eliminated effectively by addition of the AP1903 dimerizer in cell
culture and also in an in vivo mouse model, in which NK-CAR cells
expressing iCasp9 were shown to undergo apoptosis in the peripheral
blood, bone marrow, liver, and spleen.86

Conclusions and future outlook

Results of preclinical and clinical studies, mainly in the field of cancer
medicine, show that prodrug-activated gene switches can be incorpo-
rated safely into gene therapy strategies. With increasing interest in
gene transfer technologies and adoptive cellular therapeutics such
as CAR T cells or modified NK cells, it is envisaged that their appli-
cation can also be extended to non-malignant disorders, potentially
benefitting many more patients. The long-term safety of gene therapy
strategies will increasingly come into focus with increased clinical
success of these treatments, and regulatory agencies are mandating
stringent and long-term follow-up of individuals enrolled in gene
therapy clinical trials.

One of the major challenges of the PAGT approach is the efficacy of
the prodrug system and how this can be optimized. Arguably, much
work over the last two decades has focused on improving the delivery
and efficiency of viral transfer vectors, which through sophisticated
molecular techniques can be rendered more potent and less immuno-
genic. At the same time, the design of prodrugs has lagged behind.
Most prodrugs in use today have effectively been re-purposed for
this indication and have well-known safety and side-effect profiles,
usually extrapolated from experience with their use for other indica-
tions, as, for example, the treatment of CMV disease in the case of
GCV. In many of the target patient populations for gene therapy,
currently available prodrugs may induce predictable toxicities and
limit the effectiveness of a PAGT approach if the drug is slow acting,
has to be dose reduced, or if the patient is non-compliant with ther-
apy. Few clinical studies report on AEs specifically attributable to the
use of a prodrug, and strategies for mitigating these (such as, for
instance, dose-reduction or stopping rules) are often not described
in detail. Similarly, accessibility of the prodrug to the cells harboring
the prodrug-activating gene should guide the choice of prodrug sys-
tem. For example, transduced cells maymigrate into tissues after infu-
sion or are directly implanted into solid tumors, but few data on the
bioavailability and biodistribution of prodrugs have been published.

Future study designs should therefore consider these limitations, and
efficient and sustainable future PAGT systems may greatly benefit
from innovative prodrug protocols that improve prodrug dosing
and delivery.
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