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p53 Replacement Therapy for Cancer

Hiroshi Tazawa, Shunsuke Kagawa and Toshiyoshi Fujiwara

Abstract
Tumor suppressor gene (TSG) replacement therapy that involves various delivery
systems is emerging as a promising antitumor strategy because malignant tumors
develop through genetic alterations in TSGs. The most potent therapeutic TSG for
tumor suppression is the multifunctional transcription factor p53 gene that
regulates diverse cellular phenomena such as cell cycle arrest, senescence,
apoptosis, and autophagy. Since the p53 gene is frequently inactivated by aberrant
genetic regulation in human cancers, p53 replacement therapy is widely and
frequently used as a potent antitumor strategy to restore wild-type p53 function in
the p53-inactivated tumors. This chapter focuses on four types of p53 transfer
systems: cationic liposome–DNA plasmid complexes, a replication-deficient
adenovirus vector, a replication-competent adenovirus vector, and a protein
transduction system. Moreover, we discuss recent advances in our understanding
of the molecular basis of the p53-mediated cell death signaling pathway and
therapeutic methods for enhancing tumor cell death and induction of bystander
effects within tumor tissues in p53 replacement therapy. Exploration of the
molecular mechanism underlying the p53-mediated tumor-suppressive network
system and development of an effective strategy for enhancing p53-mediated cell
death signaling pathways would lead to an improvement in the clinical outcome of
patients with p53-inactivated cancers.
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1 Introduction

Tumor suppressor gene (TSG) replacement therapy is emerging as a promising
antitumor treatment for inducing programmed cell death via introduction of a
therapeutic TSG (Roth and Cristiano 1997). Among the therapeutic TSGs for
inducing tumor suppression, the most potent TSG is the p53 gene that functions as a
multifunctional transcription factor for the regulation of diverse cellular phenomena
such as cell cycle arrest, senescence, apoptosis, and autophagy (Vousden and Prives
2009). The IARC TP53 database (http://www-p53.iarc.fr/) (Olivier et al. 2002)
indicates that various types of malignant tumors possess somatic mutations in the
p53 gene (Olivier et al. 2010; Ognjanovic et al. 2012). The p53 gene is frequently
inactivated by aberrant genetic regulation in human cancers, suggesting that the p53
gene plays a critical role in the tumor-suppressive network. Therefore, restoration of
wild-type p53 function would be a promising antitumor strategy to strongly sup-
press the growth of p53-inactivated tumors.

p53 replacement therapy is widely and frequently used as a potent antitumor
strategy to induce the expression of the p53 gene and subsequent cell death of many
types of malignant tumors with p53-inactivated states (Roth et al. 1999; Fang and
Roth 2003). To induce ectopic expression of an exogenous p53 gene or p53 protein,
there are four types of p53 transfer systems: cationic liposome–DNA plasmid
complexes, a replication-deficient adenovirus vector, a replication-competent ade-
novirus vector, and a protein transduction method. Activation of exogenous p53
expression efficiently induces p53-mediated cell death signaling pathways in the
p53-inactivated tumor cells. In contrast, reactivation of endogenous p53 expression
by treatment with chemical compounds such as Nutlin-3 (Selivanova 2014) or
PRIMA-1 (Bykov and Wiman 2014) is another type of strategy to restore wild-type
p53 function. Nutlin-3 induces p53 stabilization in tumor cells that overexpress
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p53-suppressive mouse double minute 2 (MDM2) through the inhibition of
MDM2–p53 interaction (Vassilev et al. 2004). PRIMA-1 induces apoptosis by
restoring DNA-binding activity and a functional conformation to a mutant p53
protein in human cancer cells with p53 gene mutation (Bykov et al. 2002). How-
ever, since the therapeutic potentials of Nutlin-3 and PRIMA-1 are limited to
tumors with MDM2 overexpression and specific p53 gene mutations (R175H and
R273H), respectively, p53 transfer systems for inducing exogenous p53 expression
would provide useful antitumor strategies that could be more widely and frequently
used in p53 replacement therapy.

This chapter focuses on the recent advances in p53 replacement therapy for the
induction of overexpression of an exogenous p53 gene or p53 protein by using one
of four types of p53 transfer systems: liposome-based p53 DNA plasmid delivery,
replication-deficient adenovirus-based p53 gene delivery, replication-competent
adenovirus-based p53 gene delivery, and membrane-permeable peptide-based p53
protein delivery. Furthermore, we will discuss the recent advances in our under-
standing of the molecular basis of the p53-mediated cell death signaling pathways
induced by adenovirus vector and the molecular mechanism underlying an effective
combination strategy for enhancing p53-mediated cell death against tumor cells.

2 p53-Mediated Cell Survival and Cell Death
Signaling Pathways

In general, there are several types of p53-mediated cell death signaling pathways,
including senescence, apoptosis, and autophagy (Fig. 1). When tumor cells with
intact p53 function are under genotoxic stress, p53 is activated to transcriptionally
induce many kinds of p53-downstream target genes, such as p21WAF1 (p21) (el-Deiry
et al. 1993), BAX (Miyashita and Reed 1995), or damage-regulated autophagy
modulator (DRAM) (Crighton et al. 2006). Under mild genotoxic stress, p53 mainly
upregulates p21 expression for the induction of cell cycle arrest that allows for the
repair of DNA damage and contributes to cell survival. However, persistent cell cycle
arrest by p21 activation results in the induction of senescence-associated cell death
rather than cell survival. In contrast, severe genotoxic stress induces higher accu-
mulation of p53, which activates BAX- and DRAM-related signaling pathways that
lead to apoptosis and autophagy, respectively, and results in the induction of cell
death. However, when the p53-downstream target gene MDM2 (Barak et al. 1993),
which is a negative regulator of p53 via the ubiquitin–proteasome pathway, is
upregulated following p53 activation, MDM2 activation inhibits the p53-mediated
signaling pathway as a p53-negative feedback loop. Thus, the p53-mediated cell
survival and cell death pathways are strictly regulated by many kinds of
p53-downstream target genes.
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3 p53 Replacement Therapy

To restore wild-type p53 function in a variety of p53-inactivated tumor cells,
overexpression of an exogenous p53 gene or p53 protein by using one of several
transfer methods is an effective strategy in preclinical and clinical settings (Fig. 1).
Liposome-based p53 DNA plasmid delivery or virus-based p53 gene delivery
transcriptionally activate ectopic expression of the exogenous p53 gene, whereas
membrane-permeable peptide-based p53 protein delivery directly induces ectopic
expression of the exogenous p53 protein. In the following sections, we demonstrate

Fig. 1 Scheme of cell survival and cell death pathways induced by genotoxic stress or p53
replacement therapy. Genotoxic stress induces cell cycle arrest, apoptosis, or autophagy through
the activation of the p53-target genes p21, BAX, or DRAM, respectively. Mild genotoxic stress
induces accumulation of a small amount of p53, which contributes to p21-dependent cell cycle
arrest and cell survival. However, severe genotoxic stress induces a large accumulation of p53,
which results in the activation of three distinct cell death pathways: senescence, apoptosis, and
autophagy. Moreover, p53-induced MDM2 activation functions as a p53-negative feedback loop
via ubiquitin-mediated p53 degradation. In contrast, p53 replacement therapy induces
p53-mediated cell death signaling pathways via the ectopic expression of exogenous p53 gene
or p53 protein
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the therapeutic potential of p53 replacement therapy that involves a liposome–DNA
plasmid complex, a replication-deficient virus vector, a replication-competent virus
vector, or a protein transduction method, in preclinical and clinical settings.

3.1 Cationic Liposome Complex with a DNA Plasmid

Cationic liposomes are useful delivery systems for transfection of DNA plasmid
vectors that encode ectopic p53 into human cancer cells in in vitro experiments (Xu
et al. 1997; Zou et al. 1998; Ramesh et al. 2001; Nakase et al. 2005). To increase
transfection efficiency and tumor-specific delivery of plasmid vectors, an
antibody-conjugated immunoliposome has been recently developed for cancer
treatment (Xu et al. 2001, 2002; Feng et al. 2009, 2010). However, transfection
efficiencies using either liposome-based method are still low and are insufficient to
induce cell death especially in in vivo tumor tissues. Therefore, improvement of
liposome-based delivery systems is needed to efficiently induce p53-mediated cell
death within tumor tissues.

3.2 Replication-deficient Adenovirus Vector

Compared to the low transfection efficiency of exogenous p53 induction with a
plasmid DNA vector, a replication-deficient adenovirus Ad-p53 vector has been
shown to efficiently induce expression of an exogenous p53 gene and exert a
subsequent antitumor effect in preclinical in vitro and in vivo experiments (Fig. 2)
(Roth et al. 1999; Fang and Roth 2003). The Ad-p53-mediated tumor-suppressive
system includes three cell death pathways: senescence, apoptosis, and autophagy
(Vousden and Prives 2009). These cell death pathways are determined by the
induction of several p53-downstream target genes, such as p21 (el-Deiry et al.
1993), BAX (Miyashita and Reed 1995), or DRAM (Crighton et al. 2006) (Fig. 3).

To further promote Ad-p53-mediated cell death pathways, there are some com-
bination strategies for enhancing viral replication, p53 expression, and p53-mediated
cell death in the Ad-p53-infected tumor cells (Fig. 3). The first strategy is to use an
E1A-expressing oncolytic adenovirus in combination therapy because Ad-p53 is an
E1A-deleted replication-deficient adenovirus vector. For example, we previously
generated a telomerase-specific replication-competent oncolytic adenovirus
OBP-301 (Telomelysin) that induces tumor-selective cell lysis in a telomerase-
dependent manner (Fig. 2) (Kawashima et al. 2004; Fujiwara et al. 2007; Hashimoto
et al. 2008). OBP-301 enhanced Ad-p53-induced p53 expression in combination
therapy, which resulted in a stronger antitumor effect and enhanced apoptotic cell
death when compared to monotherapy with Ad-p53 (Sakai et al. 2010). Adenoviral
E1A accumulation induced by OBP-301 was used for the replication of Ad-p53,
which enhances Ad-p53-mediated p53 expression. A second strategy is to suppress
MDM2 expression because p53-downstream activation of MDM2 inhibits p53
function via ubiquitin-mediated p53 degradation. Treatment with the small-molecule
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compound, Nutlin-3 (Graat et al. 2007), or infection with the tumor suppressor fragile
histidine triad (FHIT) gene (Nishizaki et al. 2001) enhances Ad-p53-mediated p53
expression and apoptotic cell death through MDM2 suppression in human cancer
cells. Furthermore, overexpression of the ARF gene by infection with Ad-ARF
(Tango et al. 2002) or Ad-E2F1 (Itoshima et al. 2000) enhances p53 expression and
the antitumor effect induced by Ad-p53 through ARF-mediated MDM2 suppression.
A third strategy is to suppress p21 expression because p53-downstream p21 acti-
vation induces cell cycle arrest and subsequent cell survival. Suppression of p21
expression by genetic deletion (Gorospe et al. 1997) or an exogenous p21-targeted
siRNA (Idogawa et al. 2009) enhances Ad-p53-induced apoptosis. Furthermore,

Fig. 2 DNA structures of Ad-p53, OBP-301, and OBP-702 vectors. The Ad-p53 vector is a
p53-expressing replication-deficient adenovirus; a p53 gene expression cassette that is under the
regulation of the cytomegalovirus promoter (CMV-p) is inserted into the E1 region; the E3 region
is deleted. The OBP-301 vector is a telomerase-specific replication-competent oncolytic
adenovirus; the hTERT gene promoter (hTERT-p) element drives the expression of two adenoviral
E1A and E1B genes that are linked to an internal ribosome entry site (IRES). The OBP-702 vector
is a p53-expressing conditionally replicating adenovirus. In OBP-702, the p53 gene cassette
controlled by the Egr1 promoter (Egr1-p) is inserted into the E3 region of OBP-301
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p21-targeting miRNAs, miR-93 and miR-106b, can enhance Ad-p53-mediated
apoptosis and autophagy (Hasei et al. 2013) because p21 functions as a suppressor of
apoptosis (Gorospe et al. 1997) and autophagy (Fujiwara et al. 2008). Thus, these
three strategies for enhancing the Ad-p53-mediated cell death pathway are useful for
improving the therapeutic potential of Ad-p53-based p53 gene replacement therapy.

3.3 Replication-competent Adenovirus Vector

Although a replication-deficient Ad-p53 vector has been shown to be safe, feasible,
and well tolerated in patients with various types of cancers in many clinical studies
(Tazawa et al. 2013), it may be hard to induce high exogenous p53 expression in all
tumor cells by treatment with Ad-p53 because it is a replication-deficient virus.
Therefore, the low transduction rate of p53 gene transfer via this replication-deficient

Fig. 3 A scheme for Ad-p53-mediated induction of cell death pathways and enhancement of
Ad-p53-based p53 replacement therapy. The Ad-p53 vector induces BAX- and DRAM-mediated
apoptosis and autophagy, respectively, resulting in cell death, rather than in p21-dependent cell
cycle arrest and cell survival, when combined with E1A-expressing replication-competent
OBP-301, several replication-deficient adenovirus vectors (Ad-E2F1, Ad-ARF, Ad-FHIT),
Nutlin-3, or p21-suppressive siRNA/miRNA
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Ad-p53 vector is a major problem for the improvement of clinical outcome in
patients with advanced cancers. To improve the transduction efficacy of p53 gene
replacement therapy, tumor-specific, replication-competent oncolytic adenoviruses
are being developed as novel vectors for anticancer gene therapies. For example, the
promoters of cancer-related genes are being used to regulate virus replication in a
tumor-dependent manner. We previously developed a telomerase-specific
replication-competent oncolytic adenovirus OBP-301, in which the human telom-
erase reverse transcriptase (hTERT) promoter drives the expression of two aden-
oviral genes, E1A and E1B, that are linked to an internal ribosome entry site (Fig. 2)
(Kawashima et al. 2004). OBP-301 can induce tumor-specific cell lysis in a
telomerase-dependent manner (Kawashima et al. 2004; Fujiwara et al. 2007;
Hashimoto et al. 2008). A phase I clinical study of OBP-301 was well tolerated by
patients with advanced solid tumors in the USA (Nemunaitis et al. 2010). When
Ad-p53 was combined with OBP-301, p53 expression and the antitumor effect
induced by Ad-p53 were enhanced (Sakai et al. 2010) (Fig. 3). Based on these
evidences, we generated an armed OBP-301 variant (OBP-702) that expresses the
wild-type p53 gene under the control of the Egr1 promoter (Fig. 2). OBP-702
suppressed the viability of both OBP-301-sensitive and OBP-301-resistant tumor
cells more efficiently than Ad-p53 or OBP-301 in epithelial and mesenchymal types
of malignant tumor cells (Yamasaki et al. 2012; Hasei et al. 2013). Ad-p53 and
OBP-301 mainly induced apoptotic and autophagic cell death, respectively, whereas
OBP-702 caused both apoptotic and autophagic cell death via exogenous p53
overexpression in tumor cells. These results suggest that OBP-702 induces both
apoptotic and autophagic cell death via high p53 overexpression.

Regarding the molecular mechanism by which OBP-702 is superior to Ad-p53 in
inducing cell death, we recently found that E1A-dependent enhancement of the
p53-mediated cell death signaling pathway was involved in the potent
OBP-702-induced antitumor effect (Fig. 4). When tumor cells were infected with a
similar dose of Ad-p53 or OBP-702, OBP-702 induced a higher level of p53
expression than Ad-p53 (Yamasaki et al. 2012; Hasei et al. 2013). This higher p53
expression is due to viral replication of OBP-702 because Ad-p53 is a replication-
deficient type of virus. However, in spite of their higher p53 expression, the
expression levels of the p53-downstream targets p21 and MDM2 were lower in the
OBP-702-infected tumor cells than in the Ad-p53-infected tumor cells (Yamasaki
et al. 2012). This difference between the expression levels of p53 and those of the
p53-downstream targets p21 and MDM2 was due to adenoviral E1A accumulation.
E1A accumulation induced the upregulation of E2F1-inducible miR-93 and
miR-106b, which suppressed p21 expression and resulted in the enhancement
of p53-mediated apoptosis and autophagy (Hasei et al. 2013). In contrast,
E1A-mediated E2F1 upregulation results in the suppression of MDM2 expression
via ARF activation. These evidences suggest that OBP-702 induces an antitumor
effect more efficiently than Ad-p53, via E1A-dependent enhancement of
p53-mediated cell death signaling pathways.

8 H. Tazawa et al.



3.4 Protein Transduction Therapy

P53 replacement therapy using adenovirus vectors can induce ectopic expression of
an exogenous p53 gene in various types of human cancers more strongly that
induced by a plasmid-based delivery system. Since adenovirus can enter human
cancer cells via direct interaction with virus particles and coxsackie and adenovirus
receptors (CAR), CAR-expressing tumor cells are the main target cells for
adenovirus-based p53 gene replacement therapy. However, CAR-negative tumor
cells can escape from being eradicated by adenovirus-based p53 replacement
therapy.

To target CAR-negative tumor cells, protein transduction therapy using
membrane-permeable peptides may be useful for directly introducing exogenous
p53 protein into tumor cells. For example, 11 polyarginine peptides fused to the p53
protein have been shown to introduce the p53 protein into cells, which subsequently
induces the activity of the p21 gene promoter similar to the induction that occurs

Fig. 4 Scheme for OBP-702-mediated induction of cell death pathways. The OBP-702 vector
induces BAX- and DRAM-mediated apoptosis and autophagy, respectively, resulting in cell death;
these effects are dependent on E1A-mediated suppression of p21 expression via E2F1-inducible
miR-93 and miR-106b activation. Moreover, E1A-mediated suppression of MDM2, probably via
E2F1-induced ARF activation, also enhances p53-mediated cell death
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with Ad-p53-based p53 gene replacement therapy (Takenobu et al. 2002). Genet-
ically modified p53 proteins that are resistant to MDM2-mediated ubiquitination are
more effective in activating the transcription of p53-downstream target genes,
resulting in a more potent antitumor effect compared to the wild-type p53 protein
(Michiue et al. 2005). In contrast, introduction of wild-type p53 protein fused to
three polyarginine peptides into cells cotreated with pyrenebutyrate was useful to
induce the transcriptional activation of p53-downstream target genes (Hitsuda et al.
2012). Furthermore, by using this protein transduction system, the carboxy-terminal
region of the p53 protein was shown to efficiently induce apoptosis and autophagy
in human cancer cells (Li et al. 2005; Ueda et al. 2012). These accumulating
evidences suggest that this protein transduction therapy using polyarginine peptides
is a promising p53 replacement therapy especially for CAR-negative tumor cells.

4 Bystander Effect of p53 Replacement Therapy

P53 replacement therapy appears to induce cell death not only in p53-introduced
tumor cells, but also in surrounding tumor cells through the activation of the
bystander effect (Frank et al. 1998). The bystander effect is a biologic phenomenon
in which non-treated tumor cells exhibit antitumor effects that are similar to those of
treated tumor cells. In conventional antitumor therapy, a radiation-induced
bystander effect is caused through the activation of the immune system, free radi-
cals, and the inflammatory response (Najafi et al. 2014). In p53 replacement ther-
apy, Ad-p53 treatment has been shown to induce a bystander effect on neighboring
tumor cells through multiple mechanisms in preclinical in vivo situations (Fig. 5).
For example, Ad-p53 infection decreased the expression of angiogenic factors
including vascular endothelial growth factor and increased the expression of
antiangiogenic factors, resulting in the suppression of angiogenesis within tumor
tissues (Bouvet et al. 1998; Nishizaki et al. 1999). In contrast, activation of the
immune response is also involved in the bystander effect induced by Ad-p53
(Fig. 5). Ad-p53 infection induced overexpression of the CD95 ligand, which
caused both apoptosis via the Fas receptor/ligand system in infected tumor cells
(Fukazawa et al. 1999) and massive infiltration of neutrophils within tumor tissues
containing infected and non-infected tumor cells (Waku et al. 2000). When bone
marrow-derived dendritic cells (DCs) were used as carrier cells for delivering
Ad-p53, intratumoral injection with Ad-p53-integrated DCs caused an antitumor
effect in both DC-injected and non-injected tumor tissues in subcutaneous xenograft
tumor models (Murakami et al. 2004). Natural killer cells have been shown to be
the immunologic mediators of the bystander effect induced by Ad-p53 (Carroll et al.
2001). These accumulating evidences suggest that p53 replacement therapy is a
promising antitumor strategy for causing high cell death through the bystander
effect-mediated modulation of the tumor microenvironment.
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Fig. 5 A scheme for
Ad-p53-mediated induction of
bystander effects within tumor
tissue. When tumor cells are
infected with the Ad-p53
vector, ectopic expression of
p53 induces programmed cell
death in the Ad-p53-infected
tumor cells. In addition,
surrounding uninfected tumor
cells are also eradicated via
induction of bystander effects,
which include suppression of
angiogenesis and activation of
immune responses, in the
tumor microenvironment
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5 Conclusion

P53 replacement therapy is emerging as a promising antitumor strategy for strong
induction of p53-mediated cell death signaling pathways in tumor cells. Although a
liposome-based delivery system is a useful method for in vitro experiments, the
transduction efficiency is still lower than that of a virus-based delivery system in
in vivo experiments. Many clinical studies using replication-deficient Ad-p53
vectors have demonstrated that administration of an Ad-p53 vector by one of
several approaches, including intratumoral, intraperitoneal, and intravesical injec-
tion, is a safe, feasible, and effective antitumor strategy for patients with many types
of cancers (Tazawa et al. 2013). However, although an Ad-p53 vector causes a
bystander effect within tumor tissues, Ad-p53-mediated p53 activation may be
insufficient for the induction of cell death in the entire tumor tissue because this
virus is a replication-deficient virus. To improve the low transduction efficiency of
adenovirus-based p53 replacement therapy, a replication-competent oncolytic
adenovirus that expresses p53, OBP-702 (Yamasaki et al. 2012), has recently been
developed (Fig. 2). In contrast, a protein transduction therapy using membrane-
permeable polyarginine peptides would also be a useful strategy for introducing p53
into virus delivery-resistant tumor cells. Thus, given the underlying molecular
mechanisms of p53-mediated cell death signaling pathways that are induced by
various p53 transfer approaches, it should be possible to develop safer and effective
p53 replacement therapy in the future.
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Retroviral Vectors for Cancer Gene
Therapy

Axel Schambach and Michael Morgan

Abstract
Advances in molecular technologies have led to the discovery of many
disease-related genetic mutations as well as elucidation of aberrant gene and
protein expression patterns in several human diseases, including cancer. This
information has driven the development of novel therapeutic strategies, such as
the utilization of small molecules to target specific cellular pathways and the use
of retroviral vectors to retarget immune cells to recognize and eliminate tumor
cells. Retroviral-mediated gene transfer has allowed efficient production of T cells
engineered with chimeric antigen receptors (CARs), which have demonstrated
marked success in the treatment of hematological malignancies. As a safety point,
these modified cells can be outfitted with suicide genes. Customized gene editing
tools, such as clustered regularly interspaced short palindromic repeats–
CRISPR-associated nucleases (CRISPR-Cas9), zinc-finger nucleases (ZFNs),
or TAL-effector nucleases (TALENs), may also be combined with retroviral
delivery to specifically delete oncogenes, inactivate oncogenic signaling
pathways, or deliver wild-type genes. Additionally, the feasibility of retroviral
gene transfer strategies to protect the hematopoietic stem cells (HSC) from the
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dose-limiting toxic effects of chemotherapy and radiotherapy was demonstrated.
While some of these approaches have yet to be translated into clinical application,
the potential implications for improved cellular replacement therapies to enhance
and/or support the current treatment modalities are enormous.

Keywords
Retrovirus � Gene transfer � Anticancer � CAR � Gene editing � Cytoprotection
Abbreviations

aGVHD Acute graft-versus-host disease
ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia
AraC Cytarabine
CARs Chimeric antigen receptors (CARs)
CLL Chronic lymphocytic leukemia
CRISPR-Cas9 Clustered regularly interspaced short palindromic

repeats–CRISPR-associated nucleases
CTLA-4 Cytotoxic T lymphocyte-associated antigen 4
DLBCL Diffuse large-cell lymphoma
DNA Deoxyribonucleic acid
EGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor
FL Follicular lymphoma
HDR Homology-directed repair
HLA Human leukocyte antigen
HSC Hematopoietic stem cells
HSPC HSC and progenitor cells
HSV-tk Herpes simplex virus thymidine kinase
IFN Interferon
iPSC Induced pluripotent stem cells
LTRs Long-terminal repeats
MCL Mantle cell lymphoma
MDR1 Multidrug resistance gene 1
MDS Myelodysplastic syndrome
MGMT O-6-methylguanine DNA methyltransferase
MPP Multipotent progenitor
NB Neuroblastoma
NHEJ Nonhomologous end-joining
NSG NOD.cgPrkdcscidIL2rgtm/Wjl/Sz
PD-1 Programmed death-1
preTs T cell-committed progenitors
RD114/TR Modified feline endogenous retrovirus envelope glycoprotein
RECIST Response Evaluation Criteria in Solid Tumors
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scFv Single-chain variable fragment
SIN Self-inactivating
TAA Tumor-associated antigens
TALENs TAL-effector nucleases
TCRs T cell receptors
TERT Telomerase
Thbd Thrombomodulin
TNF Tumor necrosis factor
ZFNs Zinc-finger nucleases

1 Introduction

Curing cancer remains one of the greatest challenges facing the medical research
and biotechnology fields. This task is complicated by the heterogeneity of cancer,
with different tumor types exhibiting distinct genetic and phenotypic characteristics.
For example, each acute myeloid leukemia (AML) genome is estimated to harbor
approximately 13 coding mutations (Klco et al. 2014), while solid tumors of the
colon, breast, brain, or pancreas contain 33–66 somatic mutations and melanomas
and lung tumors have around 200 mutations (Vogelstein et al. 2013). The actual
tumor burden of patients is often composed of different major and minor clones that
may differ regarding capacity to engraft, proliferate, differentiate, transit from bone
marrow to peripheral blood, and develop resistance (Klco et al. 2014). This makes
the identification of the right target(s) critical for successful implementation of
molecular-based therapies.

A key factor determining the clinical usefulness of any treatment modality is the
successful delivery of the therapeutic agent. In the field of gene therapy, efficient
transfer of the therapeutic gene technology to the target cell population is crucial.
Retroviral vectors, including lentiviral vectors, are well known for their capacity to
efficiently transduce a wide range of cell types and have been successfully used in
the clinic (Aiuti et al. 2013; Biffi et al. 2013; Hacein-Bey-Abina et al. 2014; Naldini
2015) (Table 1). As the mechanism of action of retroviral vectors includes incor-
poration of the viral cargo into the target cell genome, therapies using retroviral
vectors carry the risk of insertional mutagenic events in which viral insertion may
deregulate the expression of proto-oncogenes or tumor suppressor genes. While
some serious adverse events were observed in a subgroup of participants from the
early gene therapy trials, these adverse events have not occurred in more recent
trials using retroviral vectors with improved biosafety features, such as the use of
self-inactivating (SIN) vectors in which viral promoters and enhancers have been
deleted from the long-terminal repeats (LTRs), and transgene expression is driven
by physiological promoters. Of note, the safety profile of any gene therapeutic
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approach is also dependent upon the target cell population. For example, more
primitive cells such as hematopoietic stem cells and precursor cells exhibit an
inherently greater risk of transformation than differentiated cells such as T cells.
Interestingly, even the use of gammaretroviral vectors with intact LTRs, which can
be considered as one of the riskier retroviral vector configurations, for transduction
of T cells has not resulted in any reported transformation events due to insertional
mutagenesis (Newzeala et al. 2011, 2012; Heinrich et al. 2013).

Successful delivery and expression of therapeutic genes depend on several
variables. For example, the retroviral vector system (i.e., the retroviral genus upon
which the vector system is based) strongly influences the site of vector integration.
Genomic analyses of murine and human HSC cells following transduction with
alpharetroviral SIN vectors demonstrated a neutral genomic insertion site pattern
and lower genotoxicity when compared to gammaretroviral or lentiviral SIN vectors
(Suerth et al. 2012; Moiani et al. 2014). Gammaretroviral SIN vectors exhibited
higher incidences of integrations near transcription start sites, CpG islands, and
cancer-associated genes, while lentiviral SIN vectors preferentially integrated into
actively transcribed genes. Importantly, retroviral gene delivery can be optimized
for particular cell populations by choosing the viral envelope proteins compatible
with the receptors expressed by the target cell population (Amirache et al. 2014).
Additional factors that affect therapeutic gene transfer and expression in the target

Table 1 Typical uses of retroviral vectors in human diseases in preclinical and clinical settings

Retrovirus Cell target/topic References

Foamy virus HSC/WAS Uchiyama et al. (2012)

Alpharetrovirus HSC/X-CGD
Pre T cells/leukemia
T cells/GvHD
NK cells/leukemia

Kaufmann et al. (2013)
Hübner et al. (2016)
Labenski et al. (2016)
Suerth et al. (2016)

Gammaretrovirus HSC/X-CGD
HSC/ADA-SCID
HSC/X-SCID (SIN
vector)
T cells/leukemia
NK cells/gene
transfer,
neuroblastoma

Ott et al. (2006)
Aiuti et al. (2002), Gaspar et al. (2011)
Hacein-Bey-Abina et al. (2014)
Brudno et al. (2016)
Guven et al. (2005), Esser et al. (2012)

Lentivirus HSC/ALD
HSC/MLD
HSC/WAS
T cells/leukemia
NK cells/gene
transfer, glioblastoma

Cartier et al. (2009)
Biffi et al. (2013)
Aiuti et al. (2013)
Kalos et al. (2011), Grupp et al. (2013), Maude
et al. (2014), Porter et al. (2015)
Micucci et al. (2006), Zhang et al. (2016)

Abbreviations HSC hematopoietic stem cell, Pre T cells precursor T cells, NK cells natural killer
cells, X-CGD X-linked chronic granulomatous disease, GvHD graft-versus-host disease,
ADA-SCID adenosine deaminase-deficient severe combined immunodeficiency, X-SCID
X-linked severe combined immunodeficiency, MLD metachromatic leukodystrophy, WAS
Wiskott–Aldrich syndrome
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cell include the strength and location of the promoter, transgene properties, the cell
culture conditions, and the proliferative status of the cultured cells.

In this chapter, we discuss several available options to employ retroviral vectors
in anticancer gene therapy treatment strategies, such as modification of immune
cells with chimeric antigen receptors (CARs) or modified T cell receptors (TCRs),
gene editing to inhibit oncogenic signals, and cell-protective and replacement
approaches (Fig. 1).

2 Anticancer Strategies Based on CARs and TCR

Identification of tumor-associated antigens (TAA) has aided the development of
monoclonal antibodies as cancer therapeutics (Scott et al. 2012). This strategy to
target cancer cells was further exploited by engineering immune cells (e.g., T cells
and NK cells) to express chimeric antigen receptors (CARs), which consist of an
extracellular single-chain variable fragment (scFv) that recognizes a specific TAA.
The scFv is coupled to intracellular costimulatory signaling domains (e.g., CD28,
CD3f, 4-1BB, OX40, DAP10, and DAP12) that activate the cytotoxic function of
the modified immune cell upon antigen recognition, resulting in specific elimination
of cells expressing the TAA (e.g., the cancer cell) (Karlsson et al. 2015; Töpfer et al.
2015). Another strategy to create tumor-specific T cells is to use retroviral vectors to

Fig. 1 Overview of retroviral vector use in cancer therapy. Retroviral vectors can be used to
improve the immune cell antitumor activity or to protect the sensitive cell populations, such as
HSC, from the cytotoxic effects of chemotherapy and radiotherapy (orange boxes). In addition to
therapeutic genes, target cells can be cotransduced with suicide genes as a safety feature to
eliminate the modified cells in case of undesirable effects, such as cell transformation or cytokine
storm induction (red boxes). Gene editing techniques can be employed for the correction of
tumor-specific genetic aberrations (blue boxes). TCR T cell receptor, CAR chimeric antigen
receptor, NK cells natural killer cells, HSC hematopoietic stem cells, CRISPR-Cas9 clustered
regularly interspaced short palindromic repeats–CRISPR-associated nucleases, TALENs
TAL-effector nucleases, ZFNs zinc-finger nucleases
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transfer T cell receptors (TCRs) engineered to exhibit improved binding affinity to a
ligand specifically expressed on the target cancer cell population. T cell activation in
response to antigen stimulation is modulated by costimulatory molecules, cell
adhesion factors, and T cell receptor (TCR) affinity (van der Merwe and Davis
2003). Antigen recognition by CARs or TCRs directs T cell trafficking and accu-
mulation in specific tissues, including tumors. TCRs can also be engineered to guide
T cells to tumor tissue via the recognition of specific chemokines or components of
the tumor microenvironment. For CAR- and TCR-based strategies, the targeted
antigen should ideally be specifically expressed by tumor cells and not by healthy
tissues, the antigen should induce an immunogenic response sufficient to eradicate
the tumor, and the antigen should be important for the transformed phenotype, such
as tumor cell survival, proliferation, metastasis, or resistance (Brentjens et al. 2013;
Rapoport et al. 2015; Robbins et al. 2015; Sandri et al. 2016).

2.1 T Cells

Gammaretroviral and lentiviral vectors were used to generate T cells modified with
CARs designed to target CD19, and these modified T cells (CART19, CTL019)
were evaluated in clinical trials of pediatric and adult B cell malignancies (Kalos
et al. 2011; Brentjens et al. 2013; Grupp et al. 2013; Maude et al. 2014; Porter et al.
2015; Brudno et al. 2016). In general, results from these trials were encouraging,
with up to a 90 % (27/30 patients) complete response rate with a six-month overall
survival rate of 78 % achieved in patients with relapsed or refractory acute lym-
phoblastic leukemia (ALL) (Maude et al. 2014). In chronic lymphocytic leukemia
(CLL) patients, 57 % responded to CTL019 infusion and 29 % of patients achieved
a long-lasting complete response (Porter et al. 2015). While CD19 is expressed on
malignant B cells in several diseases, including chronic lymphocytic leukemia
(CLL), acute lymphoblastic leukemia (ALL), diffuse large-cell lymphoma
(DLBCL), follicular lymphoma (FL), and mantle cell lymphoma (MCL), it is also
expressed on healthy B cells. Side effects due to CTL019 therapy include B cell
aplasia, cytokine-release syndrome, tumor lysis syndrome, and neurological toxi-
cities. The severity of these events varies in different disease settings, but most can
be clinically managed (Namuduri and Brentjens 2016).

Successful disease control observed in trials using CD19-targeted T cells in
patients with B-cell malignancies led to the development of CAR T cells for other
cancers. Retroviral vectors were used to transfer an NY-ESO-1-specific TCR to T
cells and tested in clinical trials for metastatic synovial cell sarcoma, melanoma,
and myeloma (Robbins et al. 2015; Rapoport et al. 2015). The NY-ESO-1 antigen
is expressed in 10–50 % of melanomas, 70–80 % of synovial cell sarcomas, and up
to 60 % of advanced myelomas (Atanackovic et al. 2007; van Rhee et al. 2005).
The absence of NY-ESO-1 expression on most adult human tissues makes this an
interesting target for redirected T cell therapy. Objective clinical responses mea-
sured according to RECIST (Response Evaluation Criteria in Solid Tumors)

22 A. Schambach and M. Morgan



guidelines were 61 % (11/18) in synovial cell sarcoma patients and 55 % (11/20) in
melanoma patients (Robbins et al. 2015). Complete response or near-complete
response was achieved in 70 % (14/20) of advanced multiple myeloma patients in a
phase I/II trial testing lentiviral-mediated NY-ESO-1-specific TCR expression in
T cells (Rapoport et al. 2015). NY-ESO-1-TCR expression was detected up to two
years after modified T cell infusion, and loss of engineered T cells was associated
with relapse (Rapoport et al. 2015).

It was recently demonstrated that T cells with an HLA-A2-restricted TCR
modified to recognize telomerase (TERT) with high affinity successfully controlled
human B-CLL progression in an in vivo murine model (Sandri et al. 2016). The
main function of TERT is to maintain telomere ends. TERT expression is usually
repressed in postnatal somatic cells, which contributes to senescence following a
given number of cell divisions. TERT is often highly expressed in rapidly dividing
cells such as embryonic stem cells, adult stem cells, and many types of tumor cells.
Approximately 80–90 % of primary tumors exhibit high TERT expression, which
is thought to contribute to the transformed phenotype. The “on-target, off-tumor”
toxicity of TERT-directed T cells was mainly limited to mature granulocytes
(CD45+CD11b+CD16+), supporting further clinical development of this adoptive
immunological anticancer strategy.

The antitumor efficacy of engineered T cells is at least partially a function of
adequate expansion and engraftment of the modified cells. A preclinical trial in
murine xenograft models of drug-resistant human ALL and CLL demonstrated that
the combination of CAR T cell therapy with administration of the Bruton´s tyrosine
kinase inhibitor ibrutinib improved CAR T cell engraftment and antileukemic
activity (Fraietta et al. 2016). Analysis of CD8+ T cells from CLL patients treated
with five to eleven cycles of ibrutinib revealed decreased expression levels of the
inhibitory receptor PD-1, suggesting that the reversal of T cell dysfunction also
contributed to the enhanced antileukemic activity observed with this combination
therapy (Fraietta et al. 2016).

2.2 T Precursor Cells

Retroviral vectors were used to transfer CARs or TCRs to T cell-committed pro-
genitors (preTs) as a strategy to enhance the anticancer effects of preTs. While this
approach eliminates the risk of graft-versus-host disease in allogeneic transplanta-
tion settings, it is important to use the safest retroviral vector design to limit the
potential for serious adverse effects due to insertional mutagenesis, especially
considering the inherent risk of transformation of precursor cell populations.
A third-generation CAR engineered to target CD123-expressing cells was recently
transferred to cord blood-derived CD34+ cells, which were then differentiated
in vitro into preTs (Hübner et al. 2016). SIN alpharetroviral vectors pseudotyped
with a modified feline endogenous retrovirus envelope glycoprotein (RD114/TR)
were used to obtain efficient transduction efficiency with minimized genotoxic risk.
As an additional safety feature, the authors incorporated an inducible caspase 9
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(iCasp9) cassette and demonstrated apoptosis of the modified cells upon intro-
duction of the AP20187 dimerizing agent. CD123-CAR T cells produced IFNɣ
when cocultured with CD123+ target cells and specifically lysed CD123+ target
cells. Importantly, CD123-CAR preTs engrafted into thymi of NSG (NOD.
cgPrkdcscidIL2rgtm/Wjl/Sz) mice.

Transplantation of preTs engineered to inducibly express a leukemia-reactive
TCR was recently shown to protect mice against repeated leukemia challenges via
the generation of memory cells (Hoseini et al. 2015). The modified TCR was
delivered via a lentiviral vector, and transduced preTs were enriched by sorting for
the enhanced green fluorescent protein (EGFP) reporter. Interestingly, experiments
investigating temporal control of TCR expression via doxycycline induction
demonstrated that early induction of the modified TCR favored preT cell differ-
entiation into CD8+ T cells and allowed positive selection of the leukemia-reactive
T cell subset (Hoseini et al. 2015).

2.3 NK Cells

Gammaretroviral- and lentiviral-mediated transfer of second-generation CARs into
NK cell lines has been used to target neuroblastoma (NB) and glioblastoma tumors
(Esser et al. 2012; Han et al. 2015; Zhang et al. 2016). GD2-expressing tumor cell
lines and primary NB cells were selectively eliminated by GD2-specific-
CAR-NK-92 clones in in vitro cocultivation experiments (Esser et al. 2012). The
epidermal growth factor receptor (EGFR) is overexpressed in glioblastoma, but not
in healthy brain tissue. Intracranial injection of NK-92 cells modified with an
EGFR-CAR designed to target wild-type EGFR and the EGFRvIII mutant safely
and efficiently eliminated EGFR-expressing glioblastoma tumor cells in an ortho-
topic xenograft model (Han et al. 2015). Elevated expression of ErbB2 (HER2), a
growth factor receptor tyrosine kinase, was found in 41 % of primary glioblastomas
and in several established glioblastoma cell lines (Zhang et al. 2016). NK-92 cells
engineered via lentiviral gene transfer to express an ErbB2-CAR exhibited potent
activity against glioblastoma cells in vitro and in in vivo orthotopic glioblastoma
xenograft models (Zhang et al. 2016). These authors are planning a phase I clinical
trial to test local application of ErbB2-CAR-NK-92 cells into the resection cavity in
patients with recurrent ErbB2-positive glioblastoma.

T cells and NK cells engineered to express CARs may be used to support
chemotherapy and radiotherapy treatment strategies to control or eliminate tumor
cells. A systematic review combining patient outcome data from six phase I clinical
trials testing CD-19 CAR T cells in refractory, relapsed, and advanced B cell
malignancies showed that administration of conditioning chemotherapy was a sta-
tistically significant favorable factor in multivariate analysis for progression-free
survival (Zhu et al. 2016). Increased T cell function, asmeasured by IFN-ɣ and TNF-a
production, was observed in prostate cancer patients 24 h after a single low-dose
pelvic radiation (Spary et al. 2014). In addition to reducing tumor burden,
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chemotherapy and radiotherapy may cause increased immunogenicity of tumor cells,
thus allowing improved anticancer responses to CAR-modified immune cells.

2.4 Induced Pluripotent Stem Cells (iPSC)

Retroviral transfer of gene cassettes encoding the Yamanaka reprogramming
transcription factors is well-established for the generation of induced pluripotent
stem cells (iPSC), which exhibit a pluripotent embryonic stem cell-like phenotype
(Takahashi and Yamanaka 2006). In principle, iPSC can be derived from any
somatic cell type and possess the potential for differentiation into almost any type of
tissue. These characteristics make iPSC interesting for disease modeling and
regenerative medicine. For example, iPSC technology was used to model glioma
tumor-initiating cells, which were then screened with a panel of small molecules to
discover new potential treatment options and to improve our understanding of the
mechanisms driving tumorigenesis (Sancho-Martinez et al. 2016). The feasibility of
using iPSC technology to produce healthy hematopoietic cells devoid of
leukemia-specific genetic alterations was recently demonstrated using either skin
fibroblasts or bone marrow cells from AML patients (Salci et al. 2015; Hoffmann
et al. 2016). These studies highlight the potential of iPSC technology to generate
autologous, disease-free cell products for cellular replacement strategies.

3 Gene Therapy

Myelosuppression due to hematopoietic stem cell (HSC) sensitivity is a major
dose-limiting toxicity for many chemotherapy and radiotherapy treatment approa-
ches and may even cause interruption of scheduled therapy. One strategy to
overcome this obstacle is to use retroviral gene transfer to confer protection to HSC
or other desired cell populations. Exploitation of resistance mechanisms discovered
in treatment refractory cancer cells, such as increased expression of enzymes
important for DNA repair or expression of cellular efflux proteins that remove
chemotherapeutic drugs from the cell, has driven the development of chemoresis-
tant HSC.

3.1 O-6-Methylguanine DNA Methyltransferase (MGMT)

Introduction of genetically modified autologous HSC resistant to chemotherapy was
used in glioblastoma patients to overcome treatment-related myelosuppression
(Adair et al. 2012, 2014). One mechanism that tumor cells can become resistant to
alkylating chemotherapies is through increased DNA repair activity. O-6-
methylguanine DNA methyltransferase (MGMT) contributes to maintenance of
genome stability via repair of the mutagenic DNA lesion O-6-methylguanine back to
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guanine (Tano et al. 1990). Intriguingly, decreased survival was observed in
glioblastoma patients whose tumor cells lacked methylation of the promoter for the
MGMT gene, presumably due to the increased MGMT expression and DNA repair
activity in the tumor cells (Hegi et al. 2004). MGMT expression level was
demonstrated to correspond to the extent of methylation in the MGMT gene pro-
moter and coding region (Costello et al. 1994). Retroviral vector delivery of the
MGMTP140K mutant protected primary murine bone marrow cells from alkylating
agents (Moritz et al. 1995; Maze et al. 1999; Schambach et al. 2006). This thera-
peutic concept was translated into improved survival in glioblastoma patients (Adair
et al. 2012, 2014). MGMTP140K modified HSC exhibited polyclonal engraftment and
patients receiving these modified cells tolerated significantly more cycles of
temozolomide/O-6-benzylguanine therapy.

3.2 Cytidine Deaminase and the Multidrug Resistance
Gene 1 (MDR1)

Myelosuppression is also commonly observed in cancer patients treated with
nucleoside analogs such as cytarabine (AraC), gemcitabine, azacytidine, and dec-
itabine. Leukemia cells from patients with refractory acute myeloid leukemia
(AML) were found to have elevated activity of cytidine deaminase, an enzyme
involved in pyrimidine salvage and that catalyzes hydrolytic deamination of cyti-
dine (Schröder et al. 1998). Increased cytidine deaminase expression and activity in
male MDS and AML patients contributed to worse outcome as compared to females
treated with azacytidine or decitabine (Mahfouz et al. 2013). Cytidine deaminase
inhibitors, such as zebularine, can be used to overcome the tumor cell resistance to
clinically used nucleoside analogs (Laliberté et al. 1992). Transfer of cytidine
deaminase mutants resistant to zebularine may enhance the chemoprotection of
HSC and thus reduce the life-threatening myelosuppression during nucleoside
analog treatment (Ruan et al. 2016). Standard cytotoxic chemotherapy for high-risk
myelodysplastic syndrome (MDS) and AML consists of a combination of AraC and
anthracycline administration (Büchner et al. 2012). P-glycoprotein, a cellular efflux
protein coded for by the MDR1 gene, confers resistance to anthracyclines and other
chemotherapeutic agents (Shen et al. 1986). Concomitant lentiviral-mediated gene
transfer of cytidine deaminase and the multidrug resistance gene 1 (MDR1) pro-
tected primary murine hematopoietic stem and progenitor cells from AraC and
anthracycline treatment (Brennig et al. 2015).

Lentiviral vector delivery of MDR1 was also shown to protect human CD34+

HSC and progenitor cells (HSPC) against radiation-induced toxicity (Maier et al.
2008). The mechanism of radioprotection by elevated MDR1 expression remains to
be demonstrated, but may involve upregulation of detoxifying proteins and inhi-
bition of apoptosis by suppression of caspase activity (Maier et al. 2006). A retro-
viral insertional mutagenesis screen to identify pathways that protect HSPC from
irradiation found retroviral vector insertion upstream of thrombomodulin
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(Thbd), which resulted in elevated Thbd expression in radiation-selected cells
(Geiger et al. 2012). Lentiviral-mediated thrombomodulin ectopic expression in
murine HSPC or endothelial and stromal cells from the bone marrow compartment
protected HSPC as demonstrated by an in vivo selection advantage following
irradiation (Geiger et al. 2012). Another viral vector integration site discovered in
this study was in the gene locus of Puma. PUMA mediates p53-induced apoptosis
in HSPC and hematopoietic multipotent progenitors (MPP), and repression of
PUMA was demonstrated to be important for MPP survival and maintenance of the
HSC pool (Belle et al. 2016). Thus, the use of retroviral vectors designed to express
cell-protective genes or to downregulate the expression of cell-destructive genes
may be useful to combat toxicity to healthy cell compartments.

3.3 Suicide Gene Strategies

The use of retroviral strategies may require some alternative means for removal of
the transduced cell populations in the event of an undesired cell transformation
event. Several options for this eventuality have been created, including incorpo-
ration of suicide genes into the retroviral gene cassette transferred to the therapeutic
cells. Herpes simplex virus thymidine kinase (HSV-tk) kills dividing cells by
mediating conversion of ganciclovir to the cytotoxic ganciclovir triphosphate.
HSV-tk-modified T cells were efficiently eradicated by ganciclovir administration,
thus resolving acute graft-versus-host disease (aGVHD) in a clinical trial designed
to test this strategy for improved allogeneic bone marrow transplantation safety and
efficacy (Bonini et al. 1997). Since HSV-tk is a foreign protein, strategies
employing HSV-tk may induce immunogenicity leading to purging of the modified
cells earlier than desired (Berger et al. 2006). Another potential challenge is out-
growth of ganciclovir-resistant clones due to silencing of HSV-tk gene expression in
modified cells (Frank et al. 2004). Additional strategies to remove gene-modified
cells in the case of severe adverse events include the use of apoptosis-inducing
fusion proteins (e.g., inducible Fas or Caspase 9) or expression of cell surface
markers compatible with antibodies for cell depletion (e.g., CD20 can be depleted
with rituximab, and truncated epidermal growth factor receptor can be depleted
with cetuximab) (Straathof et al. 2005; Vogler et al. 2010; Wang et al. 2011).

3.4 Genome Editing Strategies

Recent advances in molecular biological technologies make specific directed genome
editing possible. In principle, after the identification of the genetic lesion causative for
tumor cell survival and propagation, techniques employing nucleases such as
CRISPR-Cas9, ZFNs, or TALENs can be employed to excise, correct, or silence the
respective oncogene(s). DNA double-strand breaks generated by nucleases can be
repaired by nonhomologous end-joining (NHEJ) or homology-directed repair (HDR).
Insertion and deletion mutations can be generated by NHEJ and may disrupt gene
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transcription or translation. Pointmutations can be corrected via a deadCas9 fused to a
cytidine deaminase enzyme (Komor et al. 2016). The CRISPR-Cas9 genetic engi-
neering system is based on a bacterial innate immune system, and the genetic editing
site can be programmed using an RNA guide sequence to direct cleavage to a specific
DNA sequence (Jinek et al. 2012). ZFN and TALEN approaches both use protein–
DNA interactions to specifically cleave the genomic DNA at a desired locus.

Retroviral vector technology can be used to deliver CRISPR-Cas9, ZFNs, or
TALENs to cancer cells. Lentiviral delivery of a CRISPR-Cas9 knockout library to
human melanoma cells was used to discover novel genes important for resistance to
vemurafenib, a targeted therapy designed to inhibit activated BRAF mutants
(Shalem et al. 2014). Lentivirus-derived particles were used for efficient delivery of
ZFN and TALEN proteins into cell lines and primary human keratinocytes (Cai
et al. 2014). Efficient delivery of TALENs as mRNA was demonstrated with len-
tiviral particles containing inactivated reverse transcriptase (Mock et al. 2014).
These gene editing technologies can be designed to excise, silence, or correct
specific oncogenes/genetic alterations relevant to human cancer. For example,
TALEN-mediated disruption of FLT3, a commonly mutated gene in AML, was
demonstrated in leukemia cell lines (Wang et al. 2015). Lentiviral delivery of
CRISPR-Cas9 to mediate genome editing of tumor suppressor genes in an inducible
KrasG12D murine lung tumor model allowed identification of cooperating genetic
events, such as deletion of Nkx2-1, Pten, and Apc that may contribute to tumori-
genesis and progression (Sánchez-Rivera et al. 2014). Genome editing technologies
can be used to create disease models based on whole genome sequencing data that
are available for many different types of cancers. Additionally, loss of function
screening with CRISPR-Cas9 and genome-wide lentiviral guide RNA libraries can
be used to create homozygous gene knockouts, which will help create improved
disease models by overcoming the problem of incomplete suppression of gene
expression common in RNA interference technologies (Koike-Yusa et al. 2014).
Targeted gene correction or inactivation of tumor-specific genetic aberrations,
including fusion proteins such as BCR-ABL, RUNX1-ETO, PML-RARA, and
NPM-ALK, that are causative for cancer may one day be a possible treatment
option.

4 Conclusions

Recent advances in available technology have led to greater understanding of the
genetic aberrations that cause many types of cancer. Our current challenge is to use
this information to design better treatment strategies to control or cure cancer.
Retroviral vectors are efficient tools for cell modification, and several types of cells
engineered with these vectors are used in clinical trials. Improved retroviral vector
designs have increased the safety of gene transfer, and no vector-related serious
adverse effects have occurred in any of the patients treated in clinical trials with the
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new SIN vector platform (Aiuti et al. 2013; Biffi et al. 2013; Hacein-Bey-Abina
et al. 2014; Naldini 2015). As described above, retroviral gene transfer can be used
to change cell fate, improve fitness (confer protection), alter proliferation, and to
change cell behavior. Development of stable packaging cell lines might solve
challenges, such as costs and efforts associated with scaling up viral vector pro-
duction to meet the increased demand for GMP-grade retroviral vectors suitable for
clinical use (Labenski et al. 2016).

The success of recent trials, in which effective control of B cell lymphomas by
transfer of CAR-modified T cells was demonstrated, is a driving force behind the
search for suitable targets in other hematological and solid cancers. Challenges such
as tumor heterogeneity, where expression of the target antigen may be low or even
absent on some tumor cells, may require reconsideration of current CAR strategies.
For example, three ALL patients who initially responded to CD19 CAR T cell
therapy relapsed with CD19− leukemia (Singh et al. 2016). Thus, it might be
necessary to generate and deliver immune cells modified to detect more than a
single TAA to treat some cancers. Infusion of a pool of immune cells targeting a
limited number of TAAs is expected to produce improved disease control, but must
be carefully tested to limit the undesired toxicity to healthy tissue. Therapeutic
regimens incorporating redirected immune cells may allow improved disease
control with decreased doses of chemo- and/or radiotherapies, thus limiting
non-specific toxicities. Dose-limiting toxicities, such as suppression of the
hematopoietic compartment, associated with chemotherapies and irradiation
strategies may also be overcome by the protection of HSC and progenitors with
gene therapy.

Effectiveness of T cell therapies can be limited by immunosuppressive pathways,
such as expression of the inhibitory immune receptors cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4) or programmed death-1 (PD-1) after
T cell activation (Pardoll 2012). CAR T cell therapy was improved in a Her-2
transgenic murine breast cancer model by dual treatment with anti-Her-2 T cells and
an anti-PD-1 antibody (John et al. 2013). Treatment modalities combining CAR
T cells with checkpoint inhibitors designed to target PD-1 and CTLA-4 may be
more effective, but the potential adverse events must be carefully monitored.

The use of retroviral gene therapy to deliver genome editing tools represents a
major technological advancement that combines efficient gene transfer with the
potential for site-specific genetic modification. If we can safely harness the
immense power of these molecular tools, cell and gene-specific therapies will
become a reality, allowing improved treatment and possibly eradication of many
cancers.
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Abstract
Plasmid DNA is being used as a pharmaceutical agent in vaccination, as well as
a basic substance and starting material in gene and cell therapy, and viral vector
production. Since the uncontrolled expression of backbone sequences present in
such plasmids and the dissemination of antibiotic resistance genes may have
profound detrimental effects, an important goal in vector development was to
produce supercoiled DNA lacking bacterial backbone sequences: Minicircle
(MC) DNA. The Sleeping Beauty (SB) transposon system is a non-viral gene
delivery platform enabling a close-to-random profile of genomic integration. In
combination, the MC platform greatly enhances SB transposition and transgene
integration resulting in higher numbers of stably modified target cells. We have
recently developed a strategy for MC-based SB transposition of chimeric antigen
receptor (CAR) transgenes that enable improved transposition rates compared to
conventional plasmids and rapid manufacturing of therapeutic CAR T cell doses
(Monjezi et al. 2016). This advance enables manufacturing CAR T cells in a
virus-free process that relies on SB-mediated transposition from MC DNA to
accomplish gene-transfer. Advantages of this approach include a strong safety
profile due to the nature of the MC itself and the genomic insertion pattern of
MC-derived CAR transposons. In addition, stable transposition and high-level
CAR transgene expression, as well as easy and reproducible handling, make
MCs a preferred vector source for gene-transfer in advanced cellular and gene
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therapy. In this chapter, we will review our experience in MC-based CAR T cell
engineering and discuss our recent advances in MC manufacturing to accelerate
both pre-clinical and clinical implementation.

Keywords
Sleeping Beauty �Minicircle � Transposition � Chimeric antigen receptor T cell �
Immunotherapy

1 Introduction

1.1 MC DNA as Minimalistic Expression Cassette

MCs are derived from parental plasmid (PP) with antibiotic resistance marker, the
gene of interest (GOI) and ori, as well as two special signal sequences right and left
of the GOI. Through an intramolecular recombination process, the GOI (plus one of
the recombination and purification sequence elements, SCAR) is cut out of that
parental plasmid, circularized, and finally results in only the GOI and the signal
sequence in a supercoiled (ccc) circular molecule.

Several recombinases have earlier been used so far to achieve this intramolecular
recombination process: the integrase of bacteriophage lambda, the Cre recombinase
from bacteriophage P1, the FLP recombinase of the yeast plasmid 2-μm circle, and
the integrase of Streptomyces bacteriophage PhiC31 or the ParA resolvase from the
multimer resolution system of the broad host range plasmid RK2 or RP4 (Bigger
et al. 2001; Chen et al. 2003; Darquet et al. 1997; Jechlinger et al. 2004; Nehlsen
et al. 2006) to separate the parental plasmid (PP) into a miniplasmid (MP) and a MC
[a comprehensive overview was given by Schleef (2013)].

In earlier work, the ParA resolvase, a serine recombinase that mediates an
intramolecular recombination between corresponding directly repeated resolution
sites (Eberl et al. 1994; Smith and Thorpe 2002; Thomson and Ow 2006) in
exclusively one direction to completion, is working successfully. Hence, a super-
coiled monomeric MC is obtained (Jechlinger et al. 2004).

For successful MC production, an efficient silencing of recombinase expression
before induction is important to avoid early recombination events leading to the
displacement of the parental plasmid by the miniplasmid, that still contains the
bacterial ori, hence replicating in bacteria. The P BAD/araC arabinose expression
system (Bigger et al. 2001; Chen et al. 2003; Jechlinger et al. 2004) has been shown to
be able to inhibit background expression of the recombinases in the noninduced state.

After successful recombination, the MC has to be isolated from a mixture of
three types of circular DNA molecules: MCs, miniplasmids, and maybe residual
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amounts of parental plasmids. This is done by a set of chromatography steps,
including a tailor-made affinity chromatography step. The approach to selectively
bind a sequence motif (identification sequence part of SCAR) with the purpose of
separating this from a mixture of different DNAs (Gossen et al. 1993) led to the
approach that we initially published in 2008 (Mayrhofer et al. 2008; Schleef and
Schmeer 2011; Schleef et al. 2015).

Besides fulfilling requirements concerning product safety, MCs show a signifi-
cantly higher efficiency with respect to gene expression levels and duration in vitro
and in vivo, making them useful tools for future therapeutic applications (Kobelt
et al. 2013; Chabot et al. 2013), and were recently presented the first time allowing
the production of AAV particles, free of antibiotic resistance, and other prokaryotic
sequence motifs.

1.2 Non-viral Gene-Transfer Through Sleeping Beauty
Transposition

SB transposons enable close-to-random integration into the genome of mammalian
(Izsvak et al. 2010; Ivics and Izsvak 2011; Aronovich et al. 2011; Swierczek et al.
2012). SB was derived from an ancient, inactive transposon from several fish
genomes. After various modifications, a hyperactive transposase (SB100) could be
developed that yields enhanced stable gene-transfer in several human cell types
including T cells (Ivics et al. 1997; Mates et al. 2009). The potential to use
SB-mediated transposition to integrate CAR and T cell receptor transgenes in
human T cells has been intensively investigated (Izsvak et al. 2010; Swierczek et al.
2012; Peng et al. 2009; Field et al. 2013; Huang et al. 2008; Jin et al. 2011; Singh
et al. 2008, 2013, 2014). Nevertheless, transfection of conventional plasmid DNA
to provide transposon and transposase typically resulted in low gene-transfer rates
and extensive T cell toxicity, and hence, long ex vivo culture times were required to
generate therapeutic doses of gene-modified T cells.

The SB gene-transfer strategy is based on mobile genetic elements, the trans-
posons, containing a gene of interest flanked by inverted terminal repeats (IR/DR),
and a transposase that binds to the IR/DR and mobilizes the transposon for inte-
gration into the target genome through a cut-and-paste mechanism. Those two
elements are typically encoded on two separate vectors. Alternatively, the trans-
posase can be encoded by an RNA molecule, while the transposable element (the
gene of interest—GOI—to be integrated into the genome of the target cell) is still
encoded on a DNA molecule. As initially presented by Izsvak et al. (2010), the
structure of this transposon molecule is influencing the transposition efficacy. While
the proximal sequences between the IR/DR are to be transposed, the other (distal)
sequences between the IR/DRs (in other words the residual molecule “behind” the
IR/DR) are remaining outside the genome of the modified cell and are expected to
be subject of degradation.
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1.3 Principles of CAR Design

Adoptive immunotherapy with gene-engineered tumor-reactive T cells expressing a
transgenic T cell receptor (TCR) or synthetic CAR is emerging as a powerful and
potentially curative treatment of malignant diseases. CARs are fusion proteins
comprised of an extracellular antigen-binding domain, most commonly a
single-chain variable fragment (scFv) of variable heavy (VH) and variable light
(VL) chains of a monoclonal antibody, and an intracellular signaling module. To
link the extracellular and intracellular portion, various spacer and transmembrane
(TM) domains are used that anchor the receptor on the T cell surface. The signaling
module of first-generation CARs contained only the CD3ζ chain (Signal 1), and
second- and third-generation CARs include one or two (respectively) costimulatory
domains, e.g., CD28, 4-1BB, OX40, or ICOS, to provide Signal 2 which is critical
for optimal T cell stimulation and induction of an effective immune response (re-
viewed in: Turtle et al. 2012).

A key difference of CAR recognition, compared to the TCR, is the ability of
CARs to bind to surface molecules on target cells. Thus, CAR recognition does not
depend on the intracellular processing of antigens and presentation of immunogenic
peptides on HLA (human leukocyte antigen) molecules. Another important aspect
is that CARs as synthetic molecules can be equipped with targeting domains that
bind not only to proteins but also to a broad range of potential tumor targets such as
carbohydrates, gangliosides, proteoglycans, and also heavily glycosylated proteins,
expanding the panel of antigens that can be targeted on tumor cells.

1.4 Gene-Transfer Strategies and Clinical Experience
with CAR T Cells

There are two principle strategies for expressing the CAR transgene in T cells:
(i) transiently, e.g., by transfection of CAR-encoding mRNA, which provides a
window of activity in the range of several days and is self-limiting by the fading
expression of receptor and dilution of the mRNA as the T cells start to proliferate
(Beatty et al. 2014) and (ii) permanently by stable gene-transfer with viral or
non-viral vectors. The majority of pre-clinical and clinical work with CAR T cells is
performed using stable gene-transfer, and the overwhelming majority of investi-
gators is using gamma-retroviral (RV) and lentiviral vectors (LV) for gene-transfer
(reviewed in: Ramos et al. 2014). The use of non-viral gene-transfer by
SB-mediated transposition for CAR T cell engineering has been explored but was
limited by very low gene-transfer rates and significant toxicity to T cells after
transfection of conventional plasmids to insert SB transposase and CAR transposon
(Singh et al. 2008, 2013; Field et al. 2013). We have recently shown that both
challenges can be addressed by the use of MCs to encode SB transposase and
transposon (Monjezi et al. 2016). Table 1 provides a comparison of key features of
LV- and SB-mediated gene-transfer.
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A critical issue in cancer immunotherapy is to identify target antigens that allow
selective (or preferential) elimination of tumor cells while sparing normal tissues.
The clinical development of CAR T cell therapy is most advanced in hematologic
malignancies, i.e., B cell leukemia and lymphoma with CARs targeting the B cell
marker CD19. An anticipated but acceptable side effect of CD19-CAR therapy is
the depletion of normal B cells. Coexpression of “safety switches,” e.g., a truncated
epidermal growth factor receptor (EGFRt) depletion marker (Wang et al. 2011) or
inducible caspase-9 (iCasp9) suicide genes (Di Stasi et al. 2011), can be used to
delete CAR T cells after a therapeutic window to prevent, terminate, or mitigate
undesired effects or toxicity of CAR T cells.

Most of currently reported pre-clinical and clinical studies with CAR T cells
employ bulk CD3+ T cells that contain a random composition of naïve and memory
CD8+ killer, CD4+ helper, and potentially even CD4+ regulatory T cell subsets. All
of these T cell subsets are not only phenotypically, but also functionally distinct,
and their frequency differs substantially between individuals. Thus, there is sig-
nificant product to product heterogeneity in cell composition when CAR T cell is
prepared from a bulk CD3+ T cell population (Brentjens et al. 2011). This
heterogeneity complicates the analysis and interpretation of data obtained in
pre-clinical experiments and in the clinical setting, as essentially every patient is
receiving a cell product of different potency and with different attributes in phar-
macokinetic and -dynamic. Therefore, we prefer to perform CAR gene-transfer into
defined T cell subsets (in the easiest case, separately into CD8+ killer and CD4+
helper T cells), analyze their in vitro function separately in our pre-clinical models,
and formulate CAR T cell products with defined CD8+ and CD4+ subset

Table 1 Summary of key features of viral vectors and SB MC vector used as gene-transfer
vehicles

Gene delivery vector Viral vectors Sleeping Beauty MC vector

Host range Broad Broad

Gene-transfer efficiency High High

Transgene expression
stability

Long-term Long-term

Immunogenicity Yes NA

Genotoxicity/insertional
mutagenesis

Yes NA

Vector integration site
profile

Bias to
oncogenes/exons/highly
expressed genes, 3 % to
GSH

Close to random, 23 % to
GSH

Transgenic capacity size Low to high (<4 kbp to
>30 kbp)

Not known upper limit

Storage and handling Special caution required No special caution required

Cost of production High NA

NA Data not available
GSH Genomic safe harbor
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composition for in vivo studies and clinical applications Fig. 1a. We have recently
shown that this strategy is advantageous to the use of bulk CD3+ T cells and have
successfully translated this concept into the clinical setting (Sommermeyer et al.
2016; Turtle et al. 2016). The CAR T cell manufacturing process is summarized in
Fig. 1b.

2 Methodologies of SB-Minicircle and CAR T Cell
Manufacturing

2.1 Construction of Transposable MC Vectors

The existing and functionally evaluated plasmid encoding SB100, also known as
SB100X (Ivics et al. 1997), was used to purify a restriction fragment to transfer into
the parental plasmid (PP) in a way that after recombination of MC induction, the
SB100 expression cassette is located on the resulting MC (Fig. 2a). This was
carried out by inserting a BglII restriction fragment of the plasmid pcDNA3.1-
CMV-SB100, carrying the SB100 expression cassette, into the BglII restriction site
of the parental plasmid PP11 published earlier (Schleef et al. 2015). The resulting
pP11.SB100 contains the SB100 expression cassette and a sequence tag for the

Construction of CARs Insertion of SB100X and CAR  
MCs by nucleofection 

Functional testing of CAR T cells

cancer 
cell

Leukapheresis Selection Gene-transfer Expansion Infusion

CAR 
T cell

(b)

(a)

Fig. 1 a CARs are designed using specialized computer software. MCs encoding the genetic
information for the CAR are introduced into T cells using a nucleofector. CAR T cell effector
functions such as cytolytic activity, cytokine secretion, and proliferation are tested in pre-clinical
models. b To prepare CAR T cells, white blood cells are harvested in a process called
leukapheresis and appropriate T cell subsets (e.g., CD8+ killer and CD4+ helper T cells) are
purified. Gene-transfer is performed using MC-encoded SB100X transposase and CAR
transposon. CAR T cells are expanded prior to administration to patient
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subsequent purification of MC.SB100, flanked by the recombination sequences.
Importantly, no backbone sequences (e.g., bacterial origin of replication and
selection marker) are contained within this area. Such sequences are positioned
outside the framed area and will finally end up on the miniplasmid as by-product
and are removed during affinity chromatography. The resulting MC and mini-
plasmid both contain the recombination sequence. The remaining nucleotides of
recombination and tag sequences on the MC are called “SCAR” (sequence for
chromatography, affinity, and recombination) since they constitute the only small
portion on the MC that is neither the part of the expression cassette nor the GOI.

A CD19-CAR-encoding MC was derived from a parental pT2HB_CD19-CAR
plasmid and obtained by inserting the restriction fragment with the CD19-CAR gene
into the PP in a way that also in this case, the resulting MC carries the CD19-CAR
gene (Fig. 2b). This was carried out by transferring the Eco53kI and SalI restriction
fragment of pT2HB_CD19-CAR into the parental plasmid PP11 (see above)
resulting in a parental plasmid pP11.CD19-CAR. This PP was also subject to
recombination to obtain MC and miniplasmid as described in detail above.

2.2 Manufacturing of MC DNA

The production of the two MC DNAs for SB100 and for CD19-CAR used in this
publication (performed as a service of PlasmidFactory, Bielefeld, Germany) was
carried out in 2 major production steps: the microbial cultivation in a bioreactor and
the purification by specific chromatographic steps. The cultivations of E. coli cells
carrying the respective parental plasmids were carried out at 37 °C in a MBR
bioreactor (MBR BIO REACTOR, Switzerland) with 5 L, pH adjusted to 7.0 with

Fig. 2 Minicircle DNAs for SB100 (a) and for CD19-CAR (b), consisting only of the GOI plus
one of the recombination and purification sequence elements (SCAR) as a supercoiled
(ccc) circular molecule
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2 M sodium hydroxide solution and 2 M phosphoric acid. The airflow rate was
fixed at 5 L/min. The oxygen concentration of 60 % was controlled by varying the
stirrer speed. LB medium was used without addition of any antibiotics and free of
any substance deriving from any animal source. The bioreactor was inoculated with
50 mL of an E. coli K12 culture transformed with the parental plasmid PP and
grown in LB medium (as pre-culture) for approximately 15 h. Recombinase
expression was induced at an OD600 » 4 by adding L-arabinose. After an additional
1 h of growth, cells were harvested by centrifugation, frozen, and purified.

The recombination product (MC and miniplasmid) was further purified after the
primary recovery as presented earlier (Mayrhofer et al. 2008) with a modified
non-commercial proprietary chromatography matrix obtained from PlasmidFactory
(Bielefeld, Germany). The specific binding of MC DNA was optimized with
different ionic strength and pH values and resulted in a highly purified product as
shown below.

2.3 Engineering of CAR T Cells

CD8+ killer and CD4+ helper T cells were isolated from Peripheral blood
mononuclear cells (PBMC) were isolated from heparinized peripheral blood by
centrifugation over Ficoll-Paque. Distinct T cell subsets were obtained by negative
selection using magnetic microbeads (Miltenyi, Bergisch-Gladbach, Germany) or
reversible Streptamers® that mark the target cell population but can subsequently be
released with biotin to yield quasi-untouched T cells (IBA, Göttingen, Germany).
The purity and yield of the T cell population was determined by flow cytometry
using conjugated mAbs specific for CD3, CD4, and CD8. 7-AAD (BD Biosciences,
San Jose, CA) was used to discriminate dead from live cells.

Although SB transposition can be directly performed in freshly isolated T cells,
we observed that gene-transfer rates are substantially higher, and the subsequent
expansion of T cells much more productive, if prior T cell activation is performed.
T cells can be activated through anti-CD3/CD28 stimulation using Dynabeads
(ThermoFisher, Waltham, MA) for 2 days prior to SB transposition or by culture on
anti-CD3/CD28 mAb-coated plates. T cells were propagated in RPMI-1640 med-
ium supplemented with 10 % human serum, glutamine, 100 U/mL penicillin–
streptomycin, and 50 U/mL recombinant human IL-2.

Transfection of SB100 and CAR-encoding MC can be accomplished by elec-
troporation. We performed nucleofection using a 4D nucleofector (Lonza, Cologne,
Germany): 1–2 × 10e6 of activated T cells were nucleofected with 1 µg of each
transposon and transposase conventional plasmids or equimolar amount of their
corresponding MC DNA vectors in 20 µl of P3 primary cell line buffer based on
manufacturer’s protocol (Lonza). T cell viability was monitored by trypan blue
staining. The EGFRt transduction marker that is encoded in cis with the CAR in the
SB transposon was utilized to detect and enrich CAR+ (i.e., EGFRt+) T cells prior
to expansion with irradiated CD19+ feeder cells and functional testing (Hudecek
et al. 2013, 2015). Functional analyses aim at documenting the specificity of
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CAR T cells for the targeted tumor antigen and the ability to eliminate tumor cells.
Functional testing is preceded and accompanied by careful phenotypic analysis of
the CAR T cell product by flow cytometry including CD3, CD4, and CD8,
expression of the CAR transgene (using the EGFRt marker).

2.4 Functional Testing of CAR T Cells

In vitro characterization of CAR T cells typically focuses on the 3 cardinal effector
functions—cytolytic activity, cytokine production, and proliferation. The specific
cytolytic effect against relevant target cells, i.e., CD19+ lymphoma cell lines, and
CD19− control targets, was analyzed in a 4-h bioluminescence-based cytotoxicity
assay (Brown et al. 2005). The assay was set up in triplicate wells of a 96-well plate at
effector:target cell ratios ranging from 20:1 to 1:1, using 5000 target cells per well.
The specific lysis of CD19+ target cells was calculated using the standard formula
(Brown et al. 2005). The production of cytokines such as IFNg and IL-2 was analyzed
in supernatants that were removed from cocultures of 50,000 CAR-transduced and
control untransduced T cells with target cells (effector:target cell ratio: 4:1 to 2:1) after
20 h of incubation. Cytokines were quantified by ELISA or multiplex cytokine
analysis. Antigen-dependent induction of CAR T cell proliferation was evaluated by
CFSE dye dilution after 72 h of coculture of effector and target cells, and finally the
viability of CAR T cells was analyzed by 7-AAD staining.

For pre-clinical in vivo studies, xenograft models in immunodeficient NSG mice
(NOD-Scid-gc−/−) are well established and have been demonstrated to provide
clinically relevant data on antitumor efficacy, as well as on CAR T cell engraftment
and persistence. We performed analyses in NSG mice that were engrafted with 0.5–
1 × 10e6 firefly-luciferase transduced Raji lymphoma cells. Raji was inoculated by
tail vein injection and mice treated with CAR-modified or unmodified T cells on
day 7, when systemic lymphoma had developed. The antitumor response was
analyzed by serial bioluminescence imaging after administration of D-luciferin
substrate (IVIS Lumina, Perkin-Elmer, Waltham, MA) (Hudecek et al. 2013, 2015;
Monjezi et al. 2016).

3 Antitumor Function of Minicircle Engineered CAR T Cells

3.1 Characterization of MC DNA

The plasmid and MC DNA used to perform the experiments presented here were
characterized by a comprehensive QC. The content of LPS-endotoxin was deter-
mined at <20 E.U./mg by the use of a Kinetic-QCL kit (Lonza), the DNA con-
centration was adjusted to 1 mg/mL, and the DNA was dissolved in water for
injection (WFI). CGE and agarose gel date could demonstrate that the products each
were pure and predominantly a homogenous supercoiled MC DNA (Fig. 3).

Minicircle-Based Engineering of Chimeric Antigen Receptor … 45



3.2 Gene-Transfer Rate and Integration Profile

We have recently shown that high-level, stable gene-transfer can be accomplished
by cotransfection of MC-encoded SB100 and CD19-CAR in both CD8+ and CD4+
T cells (Monjezi et al. 2016). Stable gene-transfer rates of >50 % can routinely be
accomplished with MCs and are typically slightly higher in CD4+ compared to
CD8+ T cells. Importantly, the gene-transfer rate after cotransfection of MCs is
significantly higher compared to corresponding conventional plasmids, and the
process less toxic, most likely due to the lower amount of DNA that is introduced
into T cells. Whether or not transient gene expression can be obtained by trans-
fection of transgene-encoding MC alone (i.e., without SB100X) depends on the
amount of MC that is being transfected and varies considerably between transgenes.

Genome-wide insertion site analysis is an approach to assess genotoxicity
associated with genetic modification. We analyzed insertion sites of CD19-CAR
transposons that had been mobilized from MCs to determine whether there was a
preference for integration into distinct sites of the genome. For CD19-CAR
transposons, mobilized from MCs as described in this chapter, we detected a
close-to-random integration profile, without preference for highly expressed or

Fig. 3 a 0.8 % agarose gel electrophoresis stained with ethidium bromide after gel run (1 V/cm)
of the circular, supercoiled, monomeric MC.CD19-CAR (lanes 2 and 3) and the linearization
product (lanes 5 and 6; PacI digest resulting in a 3969 bp fragment). 1 kbp ladder in lanes 1, 4, and
7 (PlasmidFactory, item no. MSM-865-50). b Capillary gel electrophoresis of the circular,
supercoiled (ccc), monomeric MC MC.CD19-CAR (peak 1; 97.3 %). Peak 2 (1.2 %) and peak 3
(1.5 %) are traces of relaxed circular (rc) and open circular (oc) molecules
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cancer-related genes (Monjezi et al. 2016). Thus, the previously described, favor-
able integration pattern of SB was well maintained, even though the gene-transfer
rate with MCs was substantially higher than in previous studies with conventional
plasmid DNA. Criteria have been defined that identify “genomic safe harbor”
(GSH) where integration is neither expected to cause genotoxicity, nor malignant
transformation (Sadelain et al. 2011). A comprehensive GSH analysis disclosed a
significantly higher percentage of GSH integrations had occurred with SB trans-
posons after mobilization from MCs compared to LV integrants. These attributes
make SB transposition from MCs the most effective and safest stable gene-transfer
strategy known to date.

3.3 Functional Characterization of CAR T Cells

CAR T cells that were engineered with MC-based SB transposition displayed
specific and very potent effector functions in vitro and in pre-clinical models in vivo
(Monjezi et al. 2016). Importantly, CAR expression and CAR T cell antitumor
function were stable over several weeks and multiple rounds of expansion, con-
firming that mobilization of the CAR transposon from the MC had resulted in stable
integration and high-level transgene expression without gene silencing. We have
also demonstrated in vitro and in vivo that the antitumor function of CAR T cells
that we engineered by SB transposition from MCs was equally potent as with
CAR T cells that were generated from the same donors by lentiviral gene-transfer
(Monjezi et al. 2016). This is encouraging, and efforts to obtain clinical validation
for the potency and safety of adoptive therapy with MC-engineered CAR T cells are
ongoing.

The function of CAR T cells is influenced by the copy number of the CAR gene
in their genome. The current paradigm is that higher gene copy number leads to
higher expression of CAR protein and potentially better function, although an upper
threshold may be reached where the expression of the CAR on the T cell surface
and availability of adaptor proteins that propagate CAR signaling are saturated, or
where the signal of the CAR is getting too strong and induces activation-induced
cell death (AICD). We have shown that the number of CD19-CAR transposons in T
cells that were transfected with MC-encoded SB100 transposase and CAR
transposon correlates with the expression of CAR and EGFRt protein and is well
balanced between CD8+ and CD4+ T cells, and in a similar range as the number of
LV integrants after viral gene-transfer (Monjezi et al. 2016). Further, a compre-
hensive integration site analysis of CAR transposons demonstrated that a signifi-
cantly higher proportion of integrations had occurred in GSH that is not expected to
cause genotoxicity or malignant transformation (Monjezi et al. 2016). Intriguingly,
the use of MC DNA for CAR gene-transfer provides the opportunity to use titrated
amounts of MC during gene-transfer until a gene copy number has been reached
that is optimal with regard to gene-transfer rate and CAR T cell function and
satisfactory for regulators with regard to transposon copy number and number of
GSH integrations.
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4 Future Perspectives

4.1 GMP Minicircle Manufacturing

A prerequisite for clinical utilization of MCs in Germany and Europe is the ability
of GMP manufacturing to satisfy regulatory requirements, even if the MC DNA is
not directly injected in patients but rather used as a gene-transfer tool to modify T
cells ex vivo as described here. Once their GMP manufacturing has been estab-
lished, MCs will provide a tool that enables cost-effective, exportable manufac-
turing of CAR T cells, rapid evaluation of novel concepts in CAR T cell therapy in
the academic setting, as well as scalable manufacture of validated CAR technolo-
gies for large patient cohorts to improve the outcome of prevalent hematologic and
solid tumor malignancies.

Further, a process for high-quality grade MC production (Schmeer and Schleef
2014) will be established that will be used for subsequent viral vector or RNA
production, since full GMP is often requested but in fact not necessary for these
applications.

4.2 Clinical Implementation

As of July 2016, all clinical trials of CAR T cell therapy that reported clinical
efficacy have used RV or LV to accomplish CAR gene-transfer (Maude et al. 2014;
Davila et al. 2014; Turtle et al. 2016; Ramos et al. 2014). The results of clinical
trials that employed CAR T cells that were generated by non-viral gene-transfer
with SB transposition from conventional plasmids were rather disappointing;
however, the lack of efficacy may have been caused by reasons related to the design
of the specific CAR construct that was used in these trials and T cell composition of
the CAR T cell products and be unrelated to the gene-transfer strategy that has been
employed. It has been shown that CAR design and composition of CAR T cell
products profoundly affect efficacy (Hudecek et al. 2013, 2015; Sommermeyer et al.
2016).

The use of non-viral gene-transfer and MCs to deliver SB transposase and CAR
transposons into T cells is conceptually attractive and has significant potential to
become the new gold standard in this field.
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Noncoding RNA for Cancer Gene
Therapy
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Abstract
Gene therapy is a prospective strategy to modulate gene expression level in
specific cells to treat human inherited diseases, cancers, and acquired disorders.
A subset of noncoding RNAs, microRNAs (miRNAs) and small interference
RNAs (siRNAs), compose an important class of widely used effectors for gene
therapy, especially in cancer treatment. Functioning through the RNA interfer-
ence (RNAi) mechanism, miRNA and siRNA show potent ability in silencing
oncogenic factors for cancer gene therapy. For a better understanding of this
field, we reviewed the mechanism and biological function, the principles of
design and synthesis, and the delivery strategies of noncoding RNAs with
clinical potentials in cancer gene therapy.
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Abbreviations
miRNA MicroRNA
siRNA Small interference RNA
RNAi RNA interference
Ago2 Argonaute 2
RISC RNA-induced silencing complex
TRBP TAR-RNA binding protein
PACT Protein activator of PKR
shRNA Short hairpin RNA
TRC The RNAi Consortium
DOPC 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine

1 Introduction

Gene therapy is a method of modulating gene expression level by introducing
exogenous genetic materials into specific cells to treat human diseases including
cancers. The most frequently used genetic material in gene therapy is DNA and
RNA. DNA molecules used in gene therapy are usually disease-related genes (or
gene fragments) to achieve gain-of-function effects, as well as antisense oligonu-
cleotides for loss-of-function results (Zamecnik and Stephenson 1978). In the case
of RNA, a subset of noncoding RNAs, microRNA (miRNA) and small interference
RNA (siRNA), are emerging as popular effectors for gene therapy (Table 1). They
are RNAs of small molecular weight, without protein-coding potentials. They have
been shown to have potent biological functions accomplished by the mechanism of
RNA interference (RNAi), which is a process triggered by double-stranded RNA
molecules (Fire et al. 1998; Elbashir et al. 2001) and has been proved to be a
powerful approach for reducing expression of mRNAs encoding pathogenic factors.

Table 1 Characteristics of noncoding RNAs for cancer gene therapy

microRNA siRNA shRNA

Length Primary (various), precursor (*70 nt),
mature (18–25 nt)

*21 nt 25–27 nt

RNA
structure

Primary (contains a hairpin), precursor
(hairpin), mature (double-stranded)

Double-stranded Hairpin

Targeting
specificity

Intrinsically determined by seed sequence Artificially
designed

Artificially
designed

Production Chemical synthesis, viral expression,
transgene expression

Chemical
synthesis

Viral
expression

Delivery
method

Viral, non-viral and transgene Non-viral
vectors

Viral
vectors
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1.1 Mechanism and Function of Noncoding RNAs

miRNAs are endogenous small noncoding RNAs of *18–25 nucleotides in length
that regulate gene expression in a sequence-specific manner via the degradation of
target mRNAs or the inhibition of protein translation. Most miRNA genes are
transcribed by RNA Pol II to produce primary miRNA transcripts (pri-miRNAs)
that contain a 5′ cap and a 3′ poly(A) tail (Lee et al. 2004; Cai et al. 2004).
Pri-miRNAs harbor local hairpin structures and flanking sequences, which are
subsequently cleaved within the nucleus by Drosha and DGCR8/Pasha (Denli et al.
2004; Gregory et al. 2004; Lee et al. 2003), to generate *70-nt hairpin precursors
known as pre-miRNAs. Next, the pre-miRNA is exported into the cytoplasm by
Exportin-5 and further cleaved into a mature *22-nt miRNA:miRNA* duplex by
an RNase III enzyme Dicer, and its partners TRBP (TAR-RNA binding protein)/
Loquacious and PACT (protein activator of PKR) in human cells (Hutvagner et al.
2001; Ketting et al. 2001). Subsequently, an RNA-induced silencing complex
called RISC is assembled with the protein Argonaute (Ago) 2 (Gregory et al. 2005;
Maniataki and Mourelatos 2005). The miRNA strand is selectively incorporated
into the RISC complex (Schwarz et al. 2003; Du and Zamore 2005) and guides the
complex specifically to its mRNA targets through complementary base-pairing
interactions between the seed sequence (base 2–8 in the 5′ end of the mature
miRNA) and the binding site within target mRNAs. Through this mechanism, they
exert their silencing functions by either mRNA degradation or translation inhibition
(Fig. 1).

miRNAs exhibit a wide range of physiological functions, especially in cancer
biology. Some miRNAs act as oncogenes or tumor suppressors. For example,
oncogene miR-21 is upregulated in cancer cells, promotes cell growth, and sup-
presses apoptosis (Chan et al. 2005; Krichevsky and Gabriely 2009). Tumor sup-
pressor let-7 family is usually downregulated or deleted in multiple cancer types,
and restoration of let-7 expression leads to regression of tumors (Kumar et al. 2008;
Johnson et al. 2007; Esquela-Kerscher et al. 2008; Takamizawa et al. 2004; Yang
et al. 2008). miR-200 family is well known to be associated with cancer cell
metastasis and apoptosis (Park et al. 2008; Gregory et al. 2008; Schickel et al.
2010). Based on the knowledge, efforts to overexpress tumor suppressor miRNAs
and inhibit oncogene miRNAs to treat cancers have achieved positive results. Slack
et al. delivered exogenous let-7 to established mouse models of non-small cell lung
cancer and significantly reduces tumor burden (Trang et al. 2010). Naldini et al.
functionally knocked down miR-223 expression by introducing decoy miRNA
targets into mouse models (Gentner et al. 2009). Techniques for successful
administration of miRNAs in vivo make it possible for miRNAs to act as good
candidates for cancer therapy.

Much like miRNA, siRNA and shRNA are also potent mediators of sequence-
specific gene silencing by RNAi mechanism. siRNA is a double-stranded small
RNA of *21 nt in length. It is exogenously synthesized as oligonucleotides
(hereafter named as siRNA), or generated by 25–27-nt short hairpin RNA (shRNA)
expressed from a DNA vector. The transcript of shRNA forms a stem-loop structure
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Fig. 1 The biogenesis process and RNAi mechanism of miRNA and siRNA/shRNA. Most
miRNA genes are transcribed by RNA polymerase II (pol II) to produce primary miRNA
transcripts (pri-miRNAs) that contain a 5′ cap and a 3′ poly(A) tail. Pri-miRNAs are subsequently
cleaved within the nucleus by Drosha and DGCR8/Pasha to generate *70-nt hairpin precursors
known as pre-miRNAs. The pre-miRNA is exported into the cytoplasm by Exportin-5 and further
cleaved into a mature *22-nt miRNA:miRNA* duplex by Dicer, and its partners TRBP and
PACT. Subsequently, an RNA-induced silencing complex called RISC is assembled with the
protein Argonaute (Ago). The miRNA strand (guide strand) is selectively incorporated into the
RISC complex and guides the complex to its mRNA targets through complementary base-pairing
interactions between the seed sequence (base 2–8 in the 5′ end of the mature miRNA) and the
binding site within target mRNAs. The target mRNA is silenced by either mRNA degradation or
translation inhibition. Similarly, shRNA with stem-loop structure is transcribed by RNA
polymerase III (pol III). In the cytoplasm, shRNA and synthetic siRNA are subject to the
processing by Dicer and its partners TRBP and PACT to give rise to double-stranded *21-nt
siRNA. The guide strand of siRNA is assembled into RISC for target cleavage and gene silencing
by RNAi mechanism. miRNA, microRNA; siRNA, small interference RNA; shRNA, short hairpin
RNA; RISC, RNA-induced silencing complex
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which can be further processed by Dicer to give rise to double-stranded *21-nt
siRNA. By either way, the functional guide strand of siRNA is assembled into
RISC for target silencing by RNAi mechanism (Fig. 1). The interactions of siRNA
and their targets are based on full complementarity of base pairing, which is dif-
ferent from miRNAs. The biological functions of siRNAs are mainly dependent on
their target genes, because siRNAs can be flexibly designed and synthesized to
target and modulate the function of any transcript theoretically. To date, siRNA has
been extensively used in cancer gene therapy by targeting oncogenes such as BCL-2
(in chronic myeloid leukemia), tyrosine kinase receptor EphA2 gene (in ovarian
cancer cells) (Landen et al. 2005), and Ews–Fli1 gene fusion (in Ewing sarcoma
cells) (Hu-Lieskovan et al. 2005).

1.2 Design and Synthesis of Noncoding RNAs for Cancer
Gene Therapy

For gene therapy, the efficacy of exogenous genetic materials is largely determined
by the compatibility with endogenous cellular machinery to perform their functions,
as well as the delivery methods. However, multiple side effects of miRNA and
siRNA in cancer gene therapy have been reported, including off-target effects,
induction of immune system responses (Robbins et al. 2009), and saturation of
endogenous RNAi pathway components (Khan et al. 2009; Grimm et al. 2006). The
side effects sometimes can cause severe clinical outputs, thus limit the application
of noncoding RNAs in gene therapy. To maximize the efficacy and minimize the
side effects, it is necessary to follow some rules when designing noncoding RNAs
for cancer gene therapy. Generally, it is important to consider the targeting
sequences, the length, and the chemical modification of 3′ and 5′ ends of noncoding
RNAs.

Synthetic miRNAs are usually present in the form of pri- or pre-miRNAs. Their
targeting sequences (i.e., seed sequences) are determined by the nature of a specific
miRNA. For synthetic siRNA and expressed shRNA, the targeting sequences are
fully complementary to and determined by target mRNA sequences. The public
TRC portal launched by the Broad Institute (The RNAi Consortium, http://www.
broadinstitute.org/rnai/public/), as well as some commercial siRNA manufacturers,
have developed online tools to help design specific and potent targeting sequences
of siRNA based on the consideration of mRNA target sequence, secondary struc-
tures, siRNA stability, and minimizing sequence-dependent off-target effects. In
addition, when designing targeting sequences for an interest gene, one should
always pay attention to avoid the immunostimulatory effect of the synthetic
sequences. It was reported that transfection of siRNA elicited interferon (IFN) re-
sponses (Sledz et al. 2003). A strategy to minimize this side effect is to avoid
immunostimulatory sequences in siRNA design, e.g., 5′-GUCCUUCAA-3′ and 5′-
UGUGU-3′ (Hornung et al. 2005; Judge et al. 2005).

In addition to the targeting sequence, the length and the modification of 3′ and 5′
ends of noncoding RNAs for cancer gene therapy also need to be paid attention to.
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It was reported that 27-bp double-stranded RNAs can be up to 100 times more
potent than 21-mer siRNAs due to more efficient processing by Dicer, and incor-
poration of DNA nucleotides into siRNA also enhanced Dicer processing (Kim
et al. 2004, 2005). To reduce interferon production in target cells, avoiding 5′
triphosphates of siRNA by chemical synthesis needs to be considered (Kim et al.
2004). Similarly, 2-nt 3′ overhangs alleviate interferon induction effect by resem-
bling endogenous products processed by Dicer (e.g., mature miRNA) (Marques
et al. 2006). In addition, 2′-O-methyl modification of siRNA increases the stability
and retains targeting specificity, but reduces interferon production (Judge et al.
2006; Morrissey et al. 2005). Conjugating cholesterol to the sense strand of the
siRNA duplex is another common modification that manifested to be a successful
strategy to enhance systemic delivery efficiency by promoting liver uptake of
siRNA (Soutschek et al. 2004).

1.3 Delivery of Noncoding RNAs for Cancer Gene Therapy

Besides the chemical structures (RNA sequence and end modification), in vivo
delivery method is another critical determinant affecting the efficacy of noncoding
RNAs for cancer gene therapy. The obstacles for in vivo delivery include protecting
from endogenous nuclease digestion, evading immune detection, and promoting
extravasation from blood vessels to target tissues and cells. To overcome these
obstacles, a variety of in vivo delivery methods for noncoding RNAs have been
developed (Table 2).

Table 2 Delivery methods of noncoding RNAs for cancer gene therapy

Method RNA species
delivered

Advantages Disadvantages

Non-viral vectors

Naked delivery miRNA, siRNA No carriers needed High dosage required

Lipid-based
carriers

miRNA, siRNA Robust, effective, and
selective delivery

Sophisticated
preparation needed

Polymersomes siRNA Robust, effective, and
selective delivery

Sophisticated
preparation needed

Cell-penetrating
peptides

miRNA (e.g.,
pHLIP)

Effective and selective
delivery

Expensive, sophisticated
preparation

Inorganic
nanoparticles

siRNA Easy preparation Limited efficiency,
sometimes toxic

Viral vectors miRNA, shRNA Effective delivery, stable
expression

Biosafety risk,
immunogenic

Transgene miRNA Stable expression,
non-immunogenic

Research purpose only
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Noncoding RNA molecules could be simply delivered in a naked form at a
relatively high dosage; for example, a dose of 50 mg/kg with the inhibitor of
oncomir miR-10b (antagomiR-10b) was injected via tail vein, and it successfully
suppressed the metastasis of mouse breast cancer by silencing endogenous miR-10b
(Ma et al. 2010). To protect noncoding RNA from degradation and enhance the
delivery efficiency, a variety of synthetic vectors have been developed, such as
lipid-based carriers (Li and Szoka 2007), polymersomes (Lee et al. 2005),
cell-penetrating peptides (Martin and Rice 2007), and inorganic nanoparticles
(Sokolova and Epple 2008). Using nanoliposomes 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC), Calin et al. demonstrated successful delivery of
both miR-520d-3p and EphA2-targeting siRNA to mouse model and found that the
dual therapy was more potent in antitumor efficiency than either monotherapy alone
due to simultaneously targeting both EphA2 and EphB2 oncogenes (Nishimura
et al. 2013). Viral vectors are also widely used to express noncoding RNAs in vivo.
Commonly used viral vectors for this purpose include retrovirus, lentivirus, aden-
ovirus, and adeno-associated virus. Using an adeno-associated virus vector, sys-
temic administration of miR-26a in a mouse model of liver cancer resulted in
retarded growth and apoptosis induction of cancer cells (Kota et al. 2009). With an
adenovirus vector, Slack and colleagues successfully delivered exogenous let-7 to
established mouse models of non-small cell lung cancer and significantly reduces
tumor burden (Trang et al. 2010). Naldini and colleagues presented technologies to
functionally knock down miRNA expression by introducing decoy miRNA targets
via lentiviral vectors into mouse models (Gentner et al. 2009). In addition, novel
methods for in vivo delivery of noncoding RNAs are developing very fast. Recent
study by Slack et al. reported that a novel construct, attachment of peptide nucleic
acid anti-miRs to a peptide with a low pH-induced transmembrane structure
(pHLIP), could transport an anti-miR-155 across plasma membranes under acidic
conditions and reduced tumor growth. This method could selectively target the
anti-miR to the acidic tumor microenvironment, evade systemic clearance by
the liver, and facilitate cell entry via a non-endocytic pathway (Cheng et al. 2015).
The discovery that a small molecule enoxacin (Penetrex) could enhance the activity
of the RNAi pathway may also help to increase the efficacy of in vivo delivery of
miRNA and siRNA (Shan et al. 2008).

For research purpose only, the technology of transgenic animal represents a
liable method that is frequently employed to study in vivo function of expressed
noncoding RNAs in cancer treatment. Inducible expression of miR-21 in a con-
ditional transgenic mouse model revealed the oncogenic role of this miRNA in
inducing pre-B-cell lymphoma and supports the efforts to treat human cancers
through pharmacological inactivation of miRNAs such as miR-21 (Medina et al.
2010). The transgenic method provides valuable research data and applicable
experience for related clinical trials.
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2 Conclusion

miRNAs and siRNAs represent an extensively used class of noncoding effectors for
cancer gene therapy. They both utilize RNAi mechanism to perform their biological
functions in cancer treatment. The efficiency of miRNAs and siRNAs depends on
multiple factors such as targeting sequence, end modification, and systemic delivery
method. The understanding of the interaction between noncoding RNAs and their
targets has been applied to clinical trials. To date, the targeting siRNAs for BCL-2
(e.g., Chronic myeloid leukemia), VEGF (solid tumors), and PLK1 (e.g., liver
tumor) are undergoing or have completed clinical trials (from ClinicalTrials.gov).
With progress in these studies, noncoding RNAs are believed to contribute a lot
more to the field of cancer gene therapy.
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mRNA Cancer Vaccines
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Abstract
mRNA cancer vaccines are a relatively new class of vaccines, which combine the
potential of mRNA to encode for almost any protein with an excellent safety profile
and a flexible production process. The most straightforward use of mRNA vaccines
in oncologic settings is the immunization of patients withmRNAvaccines encoding
tumor-associated antigens (TAAs). This is exemplified by the RNActive®

technology, which induces balanced humoral and cellular immune responses in
animal models and is currently evaluated in several clinical trials for oncologic
indications. A second application of mRNA vaccines is the production of
personalized vaccines. This is possible because mRNA vaccines are produced by
a generic process, which can be used to quickly produce mRNA vaccines targeting
patient-specific neoantigens that are identified by analyzing the tumor exome. Apart
from being used directly to vaccinate patients, mRNAs can also be used in cellular
therapies to transfect patient-derived cells in vitro and infuse the manipulated cells
back into the patient. One such application is the transfection of patient-derived
dendritic cells (DCs) with mRNAs encoding TAAs, which leads to the presentation
of TAA-derived peptides on the DCs and an activation of antigen-specific T cells
in vivo. A second application is the transfection of patient-derived T cells with
mRNAs encoding chimeric antigen receptors, which allows the T cells to directly
recognize a specific antigen expressed on the tumor. In this chapter, we will review
preclinical and clinical data for the different approaches.
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Abbreviations
A Adenine
APC Antigen-presenting cell
CAR Chimeric antigen receptor
CTL Cytotoxic T lymphocyte
CTLA4 Cytotoxic T lymphocyte antigen 4
DC Dendritic cell
DNA Deoxyribonucleic acid
EGFR Endothelial growth factor receptor
ELISA Enzyme-linked immunosorbent assay
GC Guanine and cytosine
GITR Glucocorticoid-induced tumor necrosis factor receptor
HLA Human leukocyte antigen
HMGB1 High-mobility group box 1
IDH1 Isocitrate dehydrogenase 1
IFN Interferon
Ig Immunoglobulin
LLC Lewis lung cancer
MAGEC1 Melanoma antigen family C1
MAGEC2 Melanoma antigen family C2
MHC Major histocompatibility complex
mRNA Messenger ribonucleic acid
MUC1 Mucin 1
NK Natural killer
NSCLC Non-small-cell lung cancer
NY-ESO-1 New York esophageal squamous cell carcinoma-1
ORF Open reading frame
OVA Ovalbumin
PAP Prostatic acid phosphatase
PD1 Programmed cell death 1
PDL1 Programmed cell death 1 ligand 1
PDL2 Programmed cell death 1 ligand 2
PFS Progression-free survival
PSA Prostate-specific antigen
PSCA Prostate stem cell antigen
PSMA Prostate-specific membrane antigen
RNA Ribonucleic acid
RT-PCR Reverse transcriptase polymerase chain reaction
STEAP1 Six-transmembrane epithelial antigen of the prostate 1
TAA Tumor-associated antigen
TERT Telomerase reverse transcriptase
Th T helper
TLR Toll-like receptor
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Tmeso CAR T cells specifically targeting mesothelin
TPBG Trophoblast glycoprotein
UTR Untranslated region

1 mRNA Cancer Vaccines

1.1 Introduction

The concept of mRNA vaccines is founded on the observation that injection of
messenger RNA (mRNA) leads to local protein expression (Wolff et al. 1990) and
immune responses against the encoded antigen (Martinon et al. 1993). This was
rather unexpected given the abundant presence of RNases in body fluids and on the
skin, which leads to the rapid degradation of RNA, for example, in
serum-containing media (Rammensee 2006), and most work on nucleic acid-based
vaccine development continued to focus on DNA rather than on RNA vaccines.
This view has changed with the advent of several technological platforms, which
have demonstrated the potential of mRNA vaccines to express antigen and to
induce humoral and cellular immune responses.

While both nucleic acid-based platforms share many characteristics, mRNA
vaccines have several advantages over DNA-based platforms (Table 1). Firstly,
RNA only needs to pass the plasma membrane in order to induce protein synthesis,
facilitating vaccine delivery in comparison with DNA that needs to additionally
cross the nuclear membrane. Secondly, mRNA is unable to integrate in the genome
and therefore has no oncogenic potential. Finally, expression of mRNA-encoded
proteins is intrinsically transient, defined by the short half-life of mRNA. Hence,
mRNA vaccines feature a significantly increased safety profile over DNA.

In addition, mRNA vaccines provide important advantages over the more widely
used protein-based vaccine platforms: Endogenous production of proteins in the
cells of the vaccinee upon injection of mRNA supports correct protein modifica-
tions, such as glycosylation patterns, and abolishes the need for elaborate protein or
particle purification steps. From a technical perspective, mRNA, unlike
protein-based vaccines, can be produced in a fully synthetic production process and
allows the production of mRNA encoding any protein or combination of proteins of
choice using the same biologic compounds and production steps, greatly facilitating
vaccine manufacturing processes. Furthermore, the ability to support quick
sequence adjustments makes RNA vaccines highly versatile, which is of particular
importance in pandemic settings or for individualized therapies (see below).
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1.2 RNActive® Vaccines

The first section focuses on the RNActive® technology (CureVac AG), as an
example for an mRNA vaccine platform currently evaluated in several clinical trials
for oncologic indications.

RNActive® vaccines consist of formulated mRNA which encodes for the anti-
genic protein of choice and features modifications to enhance translation efficiency,
delay mRNA decay, and improve immune stimulation.

In 2000, Hoerr et al. described that the in vivo application of mRNA encoding
the model antigen β-galactosidase led to the induction of specific cytotoxic T
lymphocytes (CTLs) and antibodies (Hoerr et al. 2000). The RNA used for these
experiments had the basic design of a mRNA and consisted of a cap, an open
reading frame (ORF) encoding for β-galactosidase that was flanked 5′ and 3′ by the
untranslated regions (UTRs) of β-globin and a poly(A) tail. For the current
RNActive® technology, several aspects of the mRNAs have been modified to
increase the extent and duration of the antigen expression. The β-globin UTRs have
been replaced by UTRs selected for higher translation efficiency and stability of the
mRNAs, and the ORF was optimized for enhanced protein expression by enriching
the guanine and cytosine (GC) content according to a proprietary algorithm. These
changes, as well as the use of a template-encoded poly(A) tail of defined length,
optimized buffers, and purification led to an increase in protein expression by four
to five orders of magnitude in various test systems (Kallen and Theß 2014).
Importantly, this technology exclusively employs unmodified nucleotides. Studies
by Karikó (Karikó et al. 2008) and Anderson (Anderson et al. 2010) have
demonstrated that modified nucleotides can lead to increased protein expression.
However, they also reduced immunogenicity, making the use of modified
nucleotides unfavorable in the context of vaccines.

In addition to antigen availability, adjuvanticity is essential for inducing strong
immune responses. In RNActive® vaccines, immunostimulatory capacity is
achieved via suitable formulation, e.g., by employing protamine, a cationic peptide
that forms stable complexes with nucleic acids. Protamine binds to the mRNA and
leads to the formation of larger particles that activate the immune system in a
process involving the endosome-resident TLR7 (Toll-like receptor 7)
(Fotin-Mleczek et al. 2011; Kallen et al. 2013; Scheel et al. 2005; Kowalczyk et al.
2016) (Table 1).

Hence, RNActive® vaccines are containing two components that serve com-
plementary functions: “naked” mRNA, which serves as a translation template
responsible for strong expression of the encoded antigen, and mRNA–protamine
complexes, which enhance the immune stimulatory capacity of the vaccine. Indeed,
vaccination with RNActive® vaccines has been shown to induce strong and bal-
anced immune responses, i.e., Th1 and Th2, humoral and cellular, and effector and
memory responses. Encouraging results have been gained in various animal model
systems, among others mice, ferrets, and pigs, both in the field of cancer
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immunotherapy (Fotin-Mleczek et al. 2011, 2012) and prophylactic vaccines
(Petsch et al. 2012; Kowalczyk et al. 2016; Schnee et al. 2016).

1.2.1 Induction of Antitumor Responses with RNActive®
Vaccines

The antitumor efficacy of RNActive® vaccines was initially studied in the E.
G7-OVA tumor model. This system uses C57BL/6 mice, which are inoculated
subcutaneously with the syngeneic E.G7-OVA cell line, a clone of the mouse
thymoma EL4 cell line that has been stably transfected to express ovalbumin
(Moore et al. 1988). The vaccine was first studied in a prophylactic setting. Mice
were immunized twice intradermally with the mRNA vaccine encoding ovalbumin
and challenged one week later with E.G7-OVA cells. Compared to control mice
that had received an mRNA vaccine encoding for an irrelevant antigen, the
OVA-RNActive®-treated group displayed a significant delay in tumor growth
(Fotin-Mleczek et al. 2011). Additionally, vaccination with OVA-RNActive®

induced superior tumor protection in comparison with vaccination with ovalbumin
protein or OVA-peptide SIINFEKL (Fotin-Mleczek et al. 2012).

A detailed analysis revealed that the antigen-specific vaccination had induced a
balanced humoral and cellular immune responses with high titers of
ovalbumin-specific IgG1 and IgG2a antibodies and cytotoxic T cells, which
secreted IFN-γ upon stimulation with an OVA-derived peptide in vitro and killed
OVA-peptide-loaded cells in vivo. Further experiments employing the antigen
PSMA showed that the cytotoxic response was boostable and led to the formation
of T memory cells. Increasing the number of biweekly vaccinations with the
PSMA-RNActive® vaccine from 2 to 4 or 6 vaccinations induced a significant
increase in both number of IFN-γ-secreting CD8+ T cells and in vivo cytotoxicity
during the acute phase. When analyzing these mice in the memory phase 8 weeks
after the last immunization, a similar increase in the number of IFN-γ-secreting
CD8+ T cells and in vivo cytotoxicity was observed by increasing the number of
vaccinations. Importantly, these IFN-γ-secreting CD8+ T cells displayed the
memory T cell marker CD44 and predominantly exhibited an effector memory

Table 1 Advantages of RNA over DNA vaccines

DNA RNA

Delivery DNA needs to cross both cell and
nuclear membranes and be first
transcribed in the nucleus before protein
expression occurs

RNA only needs to gain entry into the
cytoplasm, where translation and thus
protein expression directly occur

Integration DNA vaccines are able to integrate into
the host genome, which might result in
insertional mutagenesis and
chromosomal instability

RNA cannot integrate into the genome
and therefore has no oncogenic potential

Expression Long-term expression possible (months
to years), depending on vector

Transient expression
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phenotype (CD44+, CCR7−, CD62L−). Moreover, repeated vaccinations did not
induce detectable frequencies of regulatory T cells in mice in comparison with
controls (Fotin-Mleczek et al. 2011).

To test the efficacy of this technology in a therapeutic setting, the E.G7-OVA
model was again employed. Mice were challenged subcutaneously with the tumor
cells and received the OVA-RNActive® vaccine twice a week once the tumor was
palpable. The treatment led to a significant delay in tumor growth but could not
eradicate the tumor. A subsequent quantitative RT-PCR analysis showed that the
ovalbumin expression in the outgrown tumors of all mice treated with the
ovalbumin-encoding mRNA vaccine was reduced or even absent, while this was
only the case in 1/5 of the untreated mice. This indicates that the tumors in
RNActive® vaccine-treated mice had escaped immunotherapy due to downregu-
lation of ovalbumin (Fotin-Mleczek et al. 2011).

Analysis of the cellular composition of tumors at several time points after vac-
cination demonstrated an increased and sustained influx of activated CD8+ T cells
into the tumors in vaccinated mice. Depletion of CD8+ T cells, but not of CD4+ T
cells, during the effector phase completely abolished the antitumor effect of the
vaccine. In contrast, CD4+ T cells are required during the priming phase of the
immune response as their depletion during vaccination significantly reduced vaccine
efficacy (Fotin-Mleczek et al. 2011).

1.2.2 Clinical Studies with RNActive® Vaccines
Based on the encouraging preclinical results, the decision was taken to advance this
technology to clinical testing in cancer patients (Table 2). The first-in-class
first-in-man clinical trial using mRNA as a therapeutic approach was CV9103 for
patients with prostate cancer. CV9103 is an RNActive® vaccine targeting the fol-
lowing 4 tumor-associated antigens: prostate-specific antigen (PSA),
prostate-specific membrane antigen (PSMA), prostate stem cell antigen (PSCA), and
six-transmembrane epithelial antigen of the prostate 1 (STEAP1). The vaccine was
tested in a phase I/IIa study that enrolled 44 eligible patients with castrate-resistant
prostate cancer with rising levels of PSA (all patients) and metastatic disease in 84 %
of patients and comprised 12 men in the phase I and 32 in the phase IIa study (Kübler
et al. 2015). The study was conducted as an open, uncontrolled, multicenter,
international, and prospective trial with safety and tolerability defined as the primary
endpoints and the induction of antigen-specific humoral and cellular immune
responses as secondary endpoints. The recommended dose was established via a
dose escalation in the phase I trial (259, 640, and 1280 µg total RNA tested), while
the phase IIa study was designed to confirm safety and address the induction of
antigen-specific cellular and humoral immune responses following injection with the
highest dose. This study demonstrated that CV9103 exhibits a favorable safety
profile with most frequent adverse events being injection site reactions, fatigue,
pyrexia, chills, and flulike symptoms. The majority of related adverse events was of
mild-to-moderate intensity and resolved upon therapy.

Importantly, immune responses against all mRNA-encoded antigens were
detectable independent of the cellular localization of the antigen and the HLA
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subtype of the patient. More specifically, antigen-specific cellular immune
responses were detected in 76 % of all patients treated with the highest dose. Of
note, 58 % of responding patients and 45 % of all evaluable patients at the highest
dose level showed responses to multiple antigens. The assessment of humoral
immune responses was restricted to PSA and PSCA, since no proteins suitable for
ELISA were available for the other vaccination antigens at that time. An increase of
PSA-specific antibodies could be detected in 12 % of patients, but no increase of
anti-PSCA antibodies was observed.

Clinical efficacy of CV9103 was assessed mainly by progression of PSA serum
levels, since radiographic progression-free survival (PFS) was not assessed in this
clinical trial. Similar to other cancer vaccine trials, a median time to PSA-related
PFS is 1.8 months and an objective PSA response in only one patient was observed.

Additionally, the study estimated a median survival of 31.4 months for a sub-
group of 36 patients with metastatic castrate-resistant prostate cancer. In this group,
a non-significant correlation between survival time and multivalent immune
response was observed. Interestingly, outcome further improved in patients with
responses to multiple vaccination antigens. Yet a correlation between immune
responses against more than one antigen and improved survival time does not
necessarily imply a therapeutic effect of vaccination. The ability to mount an
immune response after vaccination might be instead a surrogate of an improved
prognosis (Kübler et al. 2015).

Nevertheless, these encouraging results justified the investigation of RNActive®

vaccines in a controlled clinical trial. Hence, 197 patients with castrate-resistant
asymptomatic to minimally symptomatic castration-resistant prostate cancer were
enrolled and randomized in an ongoing placebo-controlled phase IIb study with
CV9104. This updated vaccine is based on CV9103 and encodes two additional
tumor-associated antigens, namely prostatic acid phosphatase (PAP) and mucin 1
(MUC1), a glycoprotein that is overexpressed and aberrantly glycosylated in var-
ious cancers including prostate cancer. The clinical efficacy and safety of PAP as
vaccine antigen have previously been demonstrated in the clinical trial of
Sipuleucel-T (Kantoff et al. 2010), while MUC1 has mainly been used in
immunotherapy approaches against non-small-cell lung cancer with a favorable
safety profile (Palmer et al. 2001). Primary endpoint of the study is overall survival
from time of randomization (up to 3.5–4 years). Secondary endpoints include PFS
from date of randomization and from start of first subsequent systemic therapy,
respectively, immune response against the CV9104 antigens, time to symptom
progression, and change in quality of life.

In a second study, CV9104 is tested in patients with high- and intermediate-risk
non-metastatic prostate cancer. For these patients, radical prostatectomy is a stan-
dard treatment option. After surgery, the estimated risk of relapse is considerable,
even more in case of positive surgical margins. Hence, new adjuvant or neoadjuvant
treatments that can prevent relapses after primary therapy are highly needed.

The study is aimed to assess the immune responses in the peripheral blood as
well as immunological parameters in the tumor tissue such as cellular immune
infiltrates, cytokines, and gene expression upon application of CV9104.
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In addition to its application in the treatment of prostate cancer, RNActive®

vaccines were also tested as an immunotherapeutic against non-small-
cell lung carcinoma (NSCLC) in a clinical phase I/IIa trial (Sebastian et al.,
manuscript in preparation).

In this study, the immunotherapeutic CV9201 was intradermally administered at
different dose levels to evaluate the safety and tolerability in patients with advanced
NSCLC. CV9201 encodes five NSCLC-associated cancer antigens selected for their
role in NSCLC oncogenesis, differential expression between malignant and normal
tissue and to induce cellular or humoral immune responses: New York esophageal
squamous cell carcinoma-1 (NY-ESO-1), melanoma antigen family C1
(MAGEC1), melanoma antigen family C2 (MAGEC2), survivin, and trophoblast
glycoprotein (TPBG; synonym 5T4). Eligible patients had stage IIIB/IV NSCLC
and at least stable disease after first-line treatment. During the open, uncontrolled,
multicenter, and prospective trial, 9 patients received CV9201 in the phase I and 37
patients in the phase IIa part of the study. Overall, 45/46 patients received at least
two treatments and 33/46 patients received all five planned doses of CV9201. This
study demonstrated that similar to CV9103, also CV9201 exhibits a favorable
safety profile with most frequent adverse events being injection site reactions,
including injection site erythema, pruritus, discoloration, and pain. Other treatment-
related adverse events were pyrexia and fatigue, chills, and flulike symptoms.
Furthermore, immune responses against all encoded antigens were detectable. In
detail, 65 % of all patients exhibited antigen-specific cellular or humoral immune
responses and 65 % of responders reacted against multiple antigens. The strength of
the induced T cell response varied, but most patients displayed a more-than-twofold
increase in frequency and number of antigen-specific T cells detected ex vivo, with
some patients showing very strong responses. Moreover, 48 % of the patients
treated in phase IIa had antigen-specific humoral responses, with more than twice as
many patients exhibiting IgM than IgG responses.

Tumor response was evaluable in 29 patients of which nine patients had stable
disease and twenty patients experienced progressive disease as best overall
response. The median PFS in the total study population was 2.7 months. Impor-
tantly, the study revealed an encouraging clinical course in five patients with stage
IV NSCLC being without further systemic cancer therapy after 1 year.

Overall, these results demonstrate that RNActive® vaccines represent a highly
promising new vaccine platform that is safe, highly specific, versatile, and able to
induce a balance immune response in the context of clinical studies.

1.2.3 Combination of RNActive® Vaccines with Chemotherapy
or Radiation Therapy

From a clinical perspective, it is important to assess whether RNActive® vaccines
can be combined with the current standard of care. Therefore, the combination of
these vaccines with chemotherapy or radiation therapy was investigated.

The combination with chemotherapy was tested in the E.G7-OVA tumor model
using docetaxel or cisplatin and the mRNA vaccine against ovalbumin.
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Having received a subcutaneous tumor challenge followed by RNActive® vac-
cinations, mice were subsequently treated with an intraperitoneal application of
docetaxel followed by further vaccinations. This treatment schedule led to a sig-
nificant delay in tumor growth compared to docetaxel or RNActive® vaccine alone.
Similar results were observed when using the same treatment schedule but cisplatin
as a chemotherapeutic drug. In agreement with published results using viral vector
vaccines (Garnett et al. 2008), a delay of tumor growth was not detectable when
chemotherapy preceded vaccination, indicating a negative effect of docetaxel during
the induction phase of the immune response (Fotin-Mleczek et al. 2012).

An interesting option is the combination of vaccination with radiation therapy
because of the complementary features of the two approaches, which can synergize
to restrict tumor growth. Radiation is a well-established therapeutic method,
especially for the treatment of single solid tumors. It acts on the tumor tissue locally
and, for a very short period of time, is effective on tumors with a local immuno-
suppressive environment due to increased release of proinflammatory cytokines
(Formenti and Demaria 2013) and induces local MHC expression (Reits et al.
2006). Moreover, radiotherapy-induced cell death seems to represent a form of
immunogenic cell death characterized by cell surface translocation of calreticulin
and extracellular release of ATP and the high-mobility group box 1 (HMGB1)
protein (Golden et al. 2014). These factors are able to activate dendritic cells
(DCs) via pattern recognition receptors and promote the cross-presentation of tumor
antigens between DCs and T cells (Demaria and Formenti 2012).

Vaccination, on the other hand, is able to induce systemic immune responses
against non-symptomatic metastatic disease that are long-lasting and boostable.

Hence, the combination of radiotherapy and RNActive® vaccines was tested in
an E.G7-OVA tumor model. After the establishment of large subcutaneous tumors,
the mice received three local radiations on consecutive days. Concomitantly, sev-
eral vaccinations with OVA-RNActive® vaccine were administered. These exper-
iments demonstrated a pronounced tumor regression in the group treated with
combination therapy and complete eradication of large established E.G7-OVA
tumors in 3 out of 7 mice, while single therapies remained significantly less
effective (Fotin-Mleczek et al. 2014). Additional experiments were performed in the
Lewis lung cancer (LLC) model as a second tumor system, which features low
immunogenicity and is resistant to different kinds of therapeutic regimens (Savai
et al. 2007; Shojaei et al. 2007; Knapp et al. 2003). After subcutaneous tumor
challenge, the mice were treated with three local radiations on consecutive days in
combination with several vaccinations with RNActive® vaccines encoding the
described tumor-associated antigens EGFR and connexin (Mandelboim et al. 1995).
The combined treatment showed a synergistic antitumor effect demonstrating the
efficacy of radioimmunotherapy even in a low immunogenic carcinoma model
system (Fotin-Mleczek et al. 2014).
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1.2.4 Clinical Study with RNActive® Vaccines in Combination
with Radiotherapy

Based on the promising preclinical results, a phase Ib study is ongoing, evaluating
the clinical potential of the RNActive® vaccine CV9202 in combination with local
radiation of individual metastases as consolidation and maintenance treatment for
patients with stage IV non-small-cell lung cancer. CV9202 is an updated version of
CV9201 that encodes in addition to NY-ESO-1, MAGEC1, MAGEC2, survivin,
and 5T4, the antigen MUC1. As described earlier, the glycoprotein MUC1—
overexpressed and aberrantly glycosylated in various cancers—has previously been
used in immunotherapy approaches against non-small-cell lung cancer (Palmer
et al. 2001). The exploratory, open-label multicenter trial assesses the safety and
tolerability of CV9202 vaccination combined with local radiation in patients with
stage IV NSCLC of different subtypes (squamous and non-squamous cell with or
without EGFR mutations) who achieved a response or stable disease after first-line
therapy (chemotherapy or EGFR tyrosine kinase inhibitors). All patients receive
two initial vaccinations with CV9202 prior to local radiotherapy followed by fur-
ther vaccinations until disease progression. The primary endpoint of the study is the
number of patients experiencing treatment-related adverse events above grade 3.
Secondary endpoints include evaluation of cellular and humoral immune responses
to antigens encoded by CV9202 and antigens not covered by the vaccine allowing
the investigation of potential antigen spreading in response to the treatment. In
addition, assessment of PFS, time to start of second-line cancer treatment, response
to second-line treatment, and overall survival are secondary efficacy endpoints of
the study (Sebastian et al. 2014).

1.2.5 Combination of RNActive® Vaccines with Immune
Checkpoint Inhibitors

The immune response to cancer evolves over many years and ultimately fails due to
immunoediting (downregulation of MHC I and immunogenic antigens) and
immunoevasion (immunosuppressive microenvironment) (Vesely and Schreiber
2013). Moreover, the antitumor immune response has many characteristics of a
chronic immune response, with T cell exhaustion mediated by immune checkpoint
receptors such as programmed cell death 1 (PD1). PD1 is also expressed by B cells,
NK cells, and regulatory T cells in addition to activated T cells and is engaged by
two different ligands PDL1 (B7-H1) and PDL2 (B7-DC). In contrast, the immune
checkpoint receptor cytotoxic T lymphocyte antigen 4 (CTLA4) is only expressed
by activated T cells or regulatory T cells, and binding of its ligands CD80 (B7-1) or
CD86 (B7-2) leads to inhibition of T cells by antagonizing the costimulatory signals
delivered by CD28 during T cell activation (Melero et al. 2015).

Various antibodies targeting these immune checkpoints are currently in clinical
testing and show promising results for some of the patients. But there are still a
substantial proportion of patients not reacting to immune checkpoint blockade.
Newly published studies imply a strong correlation between the occurrence of
antigen-specific T cells and response to immune checkpoint blockade (reviewed in
Schumacher and Schreiber 2015). Hence, the induction of antigen-specific cellular
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response against tumor-associated antigens by vaccination would be beneficial
during immune checkpoint blockade therapy. To test whether checkpoint inhibitors
can also be combined with mRNA vaccines, an RNActive® vaccine was combined
with an anti-CTLA-4 antibody. Mice were challenged with E.G7-OVA tumors and
treated alternatingly with an ovalbumin-encoding mRNA vaccine and an
anti-CTLA-4 antibody. The combination led to significantly reduced tumor growth,
while anti-CTLA-4 treatment alone did not delay tumor growth. In addition, mice in
which treatment had led to complete rejection were rechallenged with the parental
tumor cell line, which lacks OVA expression. These experiments showed that the
mice were nonetheless completely protected, strongly indicative of the induction of
epitope spreading (Fotin-Mleczek et al. 2012).

In summary, the superior antitumor response of RNActive® vaccine treatment in
combination with immune checkpoint blockade could be demonstrated in a pre-
clinical animal model.

1.3 Personalized mRNA Vaccines

In the past, development of cancer vaccines was mainly dedicated toward the
so-called tumor-associated proteins as antigenic source. Mostly, these
tumor-associated antigens can be divided into two classes: Antigens derived from
fetal genes overexpressed in cancer cells (van der Bruggen et al. 1991; Van den
Eynde et al. 1991) or antigens derived from tissue-specific proteins also expressed
in cancer cells (Boon et al. 1994). To offer broadly applicable immune therapies
against cancer, the latest developmental activity in the field of cancer vaccines was
focused on shared tumor-associated antigens that are expressed not only in abun-
dance in different cancer types but also in a certain amount of cancer patients.

But the use of such shared tumor-associated antigens is accompanied with certain
drawbacks: Firstly, T cells easily recognize foreign antigens but in general are
unable to recognize self-antigens due to the negative selection process in the thymus
preventing induction of autoimmunity. Unfortunately, most tumor-associated anti-
gens fall into the group of self-antigens hampering the initiation of a proper immune
response toward these antigens. Secondly, tumor-associated antigens are not soli-
tarily expressed in tumor tissue leading to possible on-target effects in healthy tissue
through the induced immune response. Finally, the expression of tumor-associated
antigens in different tumor tissues or different cancer patients can be highly variable
due to normal biologic heterogeneity. Recent research has shown that ninety-five
percent of the mutations in a given patient seem to be unique to that tumor (Stratton
2011) and that even on a subclonal level a high variability can be found in a certain
tumor (Gerlinger et al. 2015; Martincorena et al. 2015). Therefore, it can be assumed
that expression of shared tumor-associated antigens is subjected to a similar vari-
ability. Moreover, tumor tissues often exploit different escape mechanisms to evade
the antitumoral immune response like downregulation of tumor-associated antigens
or preferential outgrowth of non-expressing clones (Matsushita et al. 2012).
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The use of really tumor-specific antigens or neoantigens instead of tumor-
associated antigens would be advantageous for the development of cancer vaccines
for obvious reasons: Owed to the tumor-specific mutations of these neoantigens, the
specific T cell repertoire is not affected by negative selection in the thymus. In
addition, neoantigen-specific T cells would not cause on-target effects on healthy
tissue as mutated antigens are only expressed in cancer cells. Already in the 1970s
and 1980s, the tumor-rejecting abilities of neoantigen-induced immune responses
were described in transplantable tumor models (Boon and Kellermann 1977; Lur-
quin et al. 1989). Moreover, different studies could show that single mutations in
defined genes are able to induce antigen-specific cytolytic T cell responses (Wölfel
et al. 1995; Coulie et al. 1995; Echchakir et al. 2001).

The advent of next-generation sequencing technologies over the last years allows
nowadays the definition of such tumor-specific antigens or neoantigens by com-
paring genome, exome, or transcriptome data of tumor tissue to healthy tissue for an
individual patient. This approach allows the description of non-synonymous
mutations solely expressed in tumor cells. Moreover, exome or transcriptome
analysis permits the definition of protein abundance for defined non-synonymous
mutations in the tumor tissue. This conglomerate of tumor-specific mutations, also
named “mutanome,” displayed by an individual tumor is a valuable source for
highly tumor-specific antigens.

Two studies in mice provided the first direct evidence that neoantigens identified
by mutanome analysis can be recognized by T cells (Castle et al. 2012; Matsushita
et al. 2012). Briefly, potential MHC-binding peptides were predicted for all
tumor-specific mutations that result in the formation of novel protein sequences and
the most promising mutated peptides were used to query T cell reactivity in vivo.
Castle and colleagues could show that 16 out of 50 mutation-coding peptides elicit
a measurable immune response in immunized mice. Moreover, the induced immune
response conferred a significant antitumor effect in a B16F10 tumor model. In the
study of Matsushita et al., it was demonstrated that one in silico-predicted highly
immunogenic neoantigen derived from a mutant spectrin-β2 is sufficient to induce
tumor cell elimination in an unedited tumor.

Subsequent studies in a clinical setting have added further evidences for the
ability of neoantigens to induce significant antitumoral immune responses and the
predictability of such neoantigens by mutanome mining. Robbins and coworkers
could identify neoantigens recognized by adoptively transferred tumor-reactive T
cells mining exome sequencing data (Robbins et al. 2013), whereas van Rooji and
colleagues discovered neoantigen-specific T cell reactivity in an
ipilimumab-responsive melanoma by tumor exome analysis (van Rooij et al. 2013).
Particularly, the correlation between successful immune checkpoint blockade and
the occurrence of tumor-specific neoantigens has been demonstrated in several
publications over the last years. Gubin and colleagues identified neoantigens fol-
lowing anti-PD1 or anti-CTLA-4 therapy of mice bearing progressively growing
sarcoma. Additionally, they could show that therapeutic synthetic long-peptide
vaccines incorporating these mutant epitopes are able to induce tumor rejection
comparably to immune checkpoint blockade (Gubin et al. 2014). Even more
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interesting are the results of Snyder et al. and Rizvi et al. demonstrating a close
correlation between the abundance of clonal neoantigens and sensitivity to immune
checkpoint blockade by anti-PD1 or anti-CTLA-4 treatment in patients suffering
from non-small-cell lung cancer or melanoma. Moreover, the predicted neoantigens
elicited specific CD8+ T cell responses in both studies (Snyder et al. 2014; Rizvi
et al. 2015). Also for therapeutic approaches with adoptive tumor-infiltrating
lymphocyte transfer in melanoma patients, a similar correlation between neoantigen
load and therapy efficacy was revealed (Lu et al. 2014; Linnemann et al. 2015).
Additionally, Tran and colleagues could provide evidence that immunotherapy
based on mutation-specific CD4+ T cells in a patient with epithelial cancer is
possible (Tran et al. 2014).

The above-mentioned studies and several further publications demonstrated the
feasibility of tumor exome mining plus immunogenicity prediction based on HLA
allotypes and peptide-binding probability to identify patient-specific highly
immunogenic neoantigens in different types of cancer with a variety of approaches
(Rajasagi et al. 2014; Duan et al. 2014; Yadav et al. 2014; Tran et al. 2015).
Moreover, the potential value of such neoantigens for personalized immunotherapy
approaches has been frequently implied (Gubin et al. 2014; Tran et al. 2014). One
possibility to target specifically neoantigens in cancer patients is to engineer
neoantigen-specific T cell receptors and adoptively transfer these T cells (Leisegang
et al. 2016) using methods also described here. A further option would be the
immunization with vaccines incorporating the mutated sequences of neoantigens.
The efficacy of such an immunization approach using peptides is currently under
evaluation in a phase I clinical trial in IDH1R123H-mutated grade III–IV gliomas
(NCT02454634). This clinical study is based on the results published by Schu-
macher and colleagues showing the antitumor potential of mutant IDH1 peptide
vaccination in tumor-bearing MHC-humanized mice (Schumacher et al. 2014).
However, mutant IDH1 seems to be a unique exception, since the mutation can be
found frequently in diffuse grade II and grade III gliomas.

This high penetrance of a neoantigen appears to be in contrast to other tumor
entities. In most human tumors, a large fraction of the mutations is not shared
between patients at a meaningful frequency. Moreover, only a small portion of
mutations within expressed genes have antigenic potential leading to T cell reac-
tivity (Lu et al. 2014; Linnemann et al. 2015). Due to these limitations, broadly
applicable neoantigens that can be used in huge patient cohorts for vaccinations are
highly unlikely. Hence, mRNA vaccines represent a superior approach to satisfy the
specific demands of a personalized immunotherapy based on neoantigens. The
obvious advantages of mRNA vaccines in comparison with peptide vaccines were
already mentioned above. Particularly, the production under well-defined and
controlled conditions by in vitro transcription and the possibility to produce vac-
cines against different neoantigens by a common process and in a relatively short
period of time fulfill the requirements for a personalized immunotherapy approach.

In a recent study of Kreiter and colleagues, the tumor-rejecting properties of
neoantigen-based RNA vaccines were demonstrated in murine tumor models. In
principle, mutanome analysis and MHC-binding prediction lead to selection of
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neoepitopes with proven in vivo immunogenicity for several of the selected
neoepitopes. Additionally, the immunization of tumor-bearing mice with an mRNA
vaccine coding for one B16-specific neoantigen resulted in a significantly increased
survival of immunized mice in comparison with untreated mice. For the clinical
setting, a combination of several neoantigens in one vaccine would be preferable to
address tumor heterogeneity and immune editing which could mediate clinical
failure of vaccines in humans. It was recently demonstrated that immunotherapy of
CT26 lung metastasis after i.v. injection of tumor cells employing mRNA-encoded
pentatope resulted in a drastic reduction of the tumor burden in the lung of vac-
cinated mice (Kreiter et al. 2015).

Based on these convincing results, a first phase I clinical trial was started in 2014
with melanoma patients, where a poly-neoepitope coding RNA vaccine is admin-
istered that targets the unique mutation signature of an individual patient
(NCT02035956). In addition, a second clinical trial was set up in 2015 using a
slightly different approach for the treatment of triple-negative breast cancer
(NCT02316457).

In summary, induction of neoantigen-specific T cell reactivity via mRNA vac-
cines seems to be a promising strategy for successful cancer immunotherapies.
Because of the tumor-restricted expression of the antigens that are being targeted,
these personalized antitumor therapies offer the promise of high specificity and
safety. Additionally, T cell reactivity that can be achieved with such personalized
immunotherapies will further increase the spectrum of human malignancies that
respond to cancer immunotherapy. Particularly, the correlation between immune
checkpoint blockade and neoantigen burden implies synergistic effects by combi-
nation of personalized cancer immunotherapy with checkpoint blockade.

1.4 Cellular Vaccines: mRNA-Pulsed Dendritic Cells

mRNA-transfected dendritic cell (DC) vaccines represent a distinct type of vaccine
strategy involving RNA. Among different types of antigen-presenting cells (APCs),
DCs are considered to be the most potent ones because they can efficiently prime
naïve T cells, thereby stimulating an adaptive immune response. Because of their
ability to induce potent antitumor CTLs both in vitro and in vivo, DCs have been
employed as cancer vaccination platform. The basis of this therapeutic strategy is to
use cancer patient’s DCs expressing tumor-associated antigens (TAAs) in order to
activate antigen-specific T cells which after differentiation in cytotoxic effector T
cells will be able to eradicate tumor cells, irrespective of their location. Moreover,
these T cells can form an immunological memory providing in this way a defense
against recurring cancer cells.

For the delivery of tumor antigens to DCs, mRNA is considered as an attractive
vector as it overcomes some limitations associated with the use of antigen-derived
peptides, the most commonly used strategy of antigen loading (Cerundolo et al.
2004; Schuler et al. 2003; Jager et al. 2002). Synthetic peptides represent only
defined epitopes from known TAAs and are dependent on prior identification and
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on HLA restriction of the patients, meaning that the induced immune response by
the vaccine is limited to the peptides used and that only patients with specific HLA
allotypes can be treated (Van Nuffel et al. 2012). Instead, mRNA molecules can
encode the entire tumor antigen. Therefore, multiple immunogenic epitopes within
the same protein can be presented. In addition, since the protein is endogenously
expressed and presented after mRNA transfection of DCs, multiple peptide–MHC
complexes (pMHC) are generated; thereby, vaccine development is independent on
the patient’s genetic background.

Boczkowski and collaborators were the first ones to describe in the late 1990s
that DCs pulsed with mRNA encoding for tumor antigens are potent antigen-
presenting cells (Boczkowski et al. 1996). Only few years later, an early clinical
trial using DCs loaded with RNA encoding the PSA proved the feasibility and
safety of this approach. CTL responses against metastatic prostate tumors
expressing PSA were indeed induced in some patients (Heiser et al. 2002). This
approach was based on passive pulsing of DCs, which relies on the ability of these
cells to take up mRNA through micropinocytosis (Diken et al. 2011). But this
mechanism, involving transport into the endosomes, entails the risk that only a
fraction of the mRNA can reach the cytosol and can then be translated into the
protein. Therefore, several approaches have been established in order to deliver
mRNA directly to the cytoplasm such as electroporation, nucleofection, lipofection,
and more recently sonoporation (Benteyn et al. 2015). Above all, electroporation
has been shown to be a powerful technique to introduce tumor antigens into DCs
(Van Tendeloo et al. 2001).

mRNA encoding specific TAAs or total tumor RNA can be used to transfect
DCs. Vaccine strategies employing DCs transfected with defined TAA mRNA
avoid the need for growth of patient-specific tumor cells and reduce the risk of
autoimmunity, which can be induced in patients by the presence of normally
expressed self-proteins (Nair et al. 1999; Ponsaerts et al. 2003). However, there are
some limitations due to the fact that for many cancers, the TAAs are unknown. An
attractive alternative is to utilize DCs transfected with patient-derived total tumor
RNA. Through this approach, the entire spectrum of tumor-specific antigens is
displayed, thereby eliminating the need for identification of TAAs and allowing the
immune system to use the most effective antigens while reducing the risk of escape
mutants. Another advantage of using tumor-derived RNA as a source of
whole-tumor antigen is that it can be quickly and easily amplified by RT-PCR from
even a small amount of tumor (Heiser et al. 2002).

To date, several clinical trials have been reported using mRNA-transfected DCs.
The majority of these studies have shown that tumor-specific T cell responses can
be induced by mRNA-transfected DCs in several tumor entities such as brain
cancer, melanoma, lung adenocarcinoma, renal cell carcinoma, and ovarian cancer
(Bonehill et al. 2009; Caruso et al. 2004, 2005; Kyte et al. 2007; Nair et al. 2002;
Su et al. 2003; Morse et al. 2003; Dannull et al. 2005; Van Nuffel et al. 2012). In
particular, in the renal cell carcinoma study by Su et al., patients displayed no
evidence of dose-limiting toxicity or induction of autoimmunity (Su et al. 2003).
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Similarly, brain tumor and neuroblastoma studies conducted in nine and seven
patients, respectively, showed a clinical response in a total of three of the patients.

Despite many progresses in mRNA-DC immunotherapies, clinical responses
remain modest and new strategies on how to enhance the efficacy of mRNA-DC
vaccines are being explored. Besides the delivery of tumor antigens, mRNA can be
used to deliver also proteins that can modulate the function of DCs. Cotransfection
of DCs with mRNA encoding TAAs and costimulatory molecules such as CD83
(Aerts-Toegaerr et al. 2007), OX40 (Dannull et al. 2005), and 4-1BBL (Grünebach
et al. 2005) has shown to improve mRNA-DC vaccine efficacy in preclinical
models. Moreover, DCs activated through electroporation with mRNAs encoding
four tumor antigens as well as mRNAs encoding CD40 ligand and constitutively
active TLR4 and CD70 (TriMix-DCs) resulted in a broad T cell response and
durable tumor response in chemorefractory advanced melanoma patients (Van
Nuffel et al. 2012). DCs have been also modified with mRNAs encoding
immunomodulating cytokines. For example, DCs transfected with mRNAs
encoding IL-12 and TAAs were shown to induce high-avidity cytotoxic T cells and
enhance their effector function. In addition, the migratory capacity of DCs has been
modulated using mRNA encoding a chimeric E/L-selectin, a strategy that led to
increased migration of the DCs to lymph nodes upon intravenous administration
(Dörrie et al. 2008).

Finally, further preclinical strategies have focused on increased DC function by
coadministration of DCs transfected with TAA-encoding mRNAs or mRNAs
encoding for antagonistic anti-CTLA-4 or agonistic anti-GITR antibodies (Pruitt
et al. 2011). Thus, the engineered DCs have the ability not only to present the tumor
antigen of interest but also to locally modulate immune checkpoints and the tumor
microenvironment. Because of promising results in preclinical studies, this
approach is currently under investigation in a phase I clinical trial for the treatment
of melanoma patients (NCT01216436).

Taken together, these strategies have the potential to improve cancer
immunotherapy.

1.5 CAR T Cells

Chimeric antigen receptor (CAR) T cell immunotherapy has recently emerged as a
promising strategy for treating tumors (Cheadle et al. 2012; Restifo et al. 2012;
Kershaw et al. 2013).

CAR T cells are a form of personalized cell therapy using patient-derived T
cells. After the collection of T cells, they are genetically engineered to express
receptors that allow them to recognize a specific antigen expressed by the patient’s
cancer cells and to attack the tumor, once the cells are infused back into the patient.
Chimeric receptors are usually composed of an extracellular TAA-specific
antibody-binding domain fused to intracellular T cell-signaling domains. CAR T
cells can be engineered to target virtually any tumor-associated antigen (Jensen and
Riddell 2015).
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Since CARs are based on TAA-specific antibody-binding domains, recognition
of the tumor antigen is HLA-independent, thereby extending its applicability to
many patients and overcoming some tumor escape mechanisms (Ramos and Dotti
2011).

The adoptive transfer of genetically modified T cells engineered to express a
CAR has shown early promising results in the treatment of hematologic malig-
nancies (Kochenderfer et al. 2012; Brentjens et al. 2013; Porter et al. 2011; Grupp
et al. 2013). However, by now, the use of CAR T cells was less successful for the
therapy of solid cancers, one of the major issues being toxicity. Indeed, clinical
trials have revealed the potential of engineered T cells to recognize and attack
normal cells that share the expression of the tumor CAR-specific antigen, causing
off-target toxicity (Lamers et al. 2006, 2013; Maus et al. 2013).

The main approach to modify the T cells uses viral vectors such as γ-retroviruses
and lentiviruses that are expensive to produce and involve safety concerns asso-
ciated with their integration into the genome (Kershaw et al. 2013).

Recently, mRNA electroporation has been used to engineer T cells with transient
CAR expression. Prof. June and his colleagues at the University of Pennsylvania’s
Perelman School of Medicine were the first to prove the feasibility of this approach
and the potential of mRNA-engineered T cells to induce robust antitumor effects in
preclinical tumor models (Zhao et al. 2010; Barett et al. 2011, 2013).

Consequently, they conducted the first clinical trial to evaluate the feasibility and
safety of repetitive infusions of mRNA CAR T cells in patients (Beatty et al. 2014).
Two patients, one with advanced mesothelioma and the other one having metastatic
pancreatic cancer, were recruited into a phase I clinical trial. Researchers used
mRNA electroporation to engineer patient-derived T cells with a CAR specifically
targeting mesothelin (Tmeso cells), a TAA overexpressed in several cancers. After
ensuring their viability and specificity, engineered T cells were repetitively infused
into the patients. Surprisingly, clinical and laboratory evidence of antitumor activity
without explicit evidence of off-tumor toxicity against normal tissues was shown in
both patients. In addition to the antitumor activity, CAR Tmeso cells were able to
trigger a broad antitumor immune response consistent with epitope spreading.
Moreover, mRNA CAR Tmeso cells were shown to persist transiently within the
peripheral blood after intravenous administration and migrate to tumor tissue.

More recently, mRNA has been used not only to engineer T cells to recognize
specific TAAs but also to transiently deliver a modified telomerase reverse tran-
scriptase (TERT) to CD19 CAR T cells. This study provided an effective and safe
method to extend the T cell replicative life span improving in this way the per-
sistence and antitumor effects of CAR T cell in mouse xenograft tumor models of B
cell malignancies compared with conventional CAR T cells (Bai et al. 2015).

All these findings support the development of mRNA-engineered T cells as a
novel approach for adoptive cell transfer, providing a flexible platform for the
treatment of cancer that may complement the use of retroviral and lentiviral engi-
neered T cells.
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2 Conclusion

The versatility of mRNA in encoding TAAs, patient-derived tumor neoantigens, or
even chimeric antigen receptors makes mRNA vaccines a promising candidate for
use in cancer immunotherapy. The encouraging results of the first clinical studies
have prompted intensive research into strategies to increase the immunogenicity of
the vaccines, which include modifications to the mRNA and the application or the
combination with other treatments like checkpoint inhibitors or radiation therapy.
These efforts will hopefully result in novel treatment options in cancer therapy,
which will make full use of the unique properties of mRNA vaccines.
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Gene Therapeutic Approaches
to Overcome ABCB1-Mediated Drug
Resistance

Hermann Lage

Abstract
Multidrug resistance (MDR) to pharmaceutical active agents is a common
clinical problem in patients suffering from cancer. MDR is often mediated by
over expression of trans-membrane xenobiotic transport molecules belonging to
the superfamily of ATP-binding cassette (ABC)-transporters. This protein family
includes the classical MDR-associated transporter ABCB1 (MDR1/P-gp).
Inhibition of ABC-transporters by low molecular weight compounds in cancer
patients has been extensively investigated in clinical trials, but the results have
been disappointing. Thus, in the last decades alternative experimental therapeu-
tic strategies for overcoming MDR were under extensive investigation. These
include gene therapeutic approaches applying antisense-, ribozyme-, RNA
interference-, and CRISPR/Cas9-based techniques. Various delivery strategies
were used to reverse MDR in different tumor models in vitro and in vivo. Results
and conclusions of these gene therapeutic studies will be discussed.
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1 Introduction

Resistance including multidrug resistance (MDR) to chemotherapy is a common
clinical problem in patients suffering from cancer. Besides alterations in various
cellular pathways involved in regulation of cell cycle, apoptosis, and repair, MDR
is often mediated by over expression of trans-membrane xenobiotic transport
molecules belonging to the superfamily of ATP-binding cassette (ABC)-transpor-
ters (Lage 2008). The first identified member of this family involved in MDR was
ABCB1, a 170 kDa cytoplasm membrane-embedded glycoprotein also known as
P-glycoprotein, P170, or MDR1/P-gp (Juliano and Ling 1976). Following the
identification of ABCB1, a large number of drug-extruding ABC-transporters have
been identified in cancer cells. Inhibition of ABC-transporters by low molecular
weight compounds in cancer patients has been extensively investigated in clinical
trials, but the results have been disappointing. In particular, different experimental
therapeutic strategies were developed which are able to selectively switch off
specific ABC-transporter encoding genes in drug-resistant cancer cells. The most
promising of these efforts focussed on the design of RNA-based therapeutics.

Already in the 1980s, DNA- and RNA-based antisense oligonucleotides with
different chemical modifications were tested with different model systems both
in vitro and in vivo with varying degrees of success. Accordingly, at that time the
synthesis of ABCB1 could be inhibited by nonionic oligonucleoside methylphos-
phonates in human multidrug-resistant K562 erythroleukemia cells (Vasanthakumar
and Ahmed 1989).

During the 1990s, ribozymes with both antisense and catalytic properties were
successfully applied for specific knock down of gene expression. Ribozymes were
demonstrated to selectively inhibit the expression of various genes including the
ABCB1 encoding gene in human cancer cell lines (Kobayashi et al. 1994; Holm
et al. 1994) as well as in tumors grown in mice (Gao et al. 1999). However,
unsolved problems with delivery issues for these therapeutic RNA molecules
limited their clinical exploitation.

In the 2000s, advances have revealed new opportunities for the development of
RNA therapeutics in particular those based on the utilization of the RNA inter-
ference (RNAi) pathway. The observation that synthetic RNA molecules, i.e.,
double-stranded small interfering RNA (siRNA) molecules, could be used to
specifically silence genes in mammalian cells (Elbashir et al. 2001) initiated an
explosion of research on the mechanisms and application of the RNAi phe-
nomenon. Following the first evidence of the in vivo efficacy of the RNAi tech-
nology in an animal model (Soutschek et al. 2004), RNA-based drugs were
developed efforts and several clinical trials, including phase III trials, started with
RNAi-based therapeutics (Whitehead et al. 2009). Following the first proofs that
this technology is useful to circumvent MDR by inhibition of ABCB1 synthesis
(Nieth et al. 2003; Wu et al. 2003), a huge number of studies were published
applying this technique in different cancer cell models in vitro and in vivo.
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At the beginning of the 2010s, the development of the CRISPR/Cas9-gene
editing technology offered new possibilities as a general tool for the precise reg-
ulation of gene expression in eukaryotic cells (Gilbert et al. 2013). In cancer
research, firstly this technique was applied in vitro to target and destroy the
HPV16-encoded E6 or E7 genes in human cervical carcinoma cells resulting in cell
cycle arrest leading to cancer cell death (Kennedy et al. 2014). So far, only a single
study was published in which this new technology was applied to silence ABCB1
expression in a canine in vitro model (Simoff et al. 2016). In this study, Madin–
Darby canine kidney cells (MDCK II wt) showing high expression of ABCB1 were
transfected with CRISPR/Cas9 plasmid vectors, targeting three specific regions of
the ABCB1 encoding gene. The treated cells completely lacked detectable levels of
ABCB1 expression and no ABCB1-specific transport activity could be observed.

Just like with antisense oligonucleotides and ribozymes, the key challenge with
RNAi-based or CRISPR/Cas9-based therapeutics is achieving the effective deliv-
ery. Naked RNA molecules are rapidly degraded in physiological milieu and,
therefore, have very short half-life times. Former chemical modifications which
were developed to prolong the half-life of antisense molecules and ribozymes have
proved to be valuable in developing siRNA therapeutics. Most of these modifica-
tions concerned to the oligonucleotide backbone linkages to protect against
degradation by nucleases. RNAi or CRISPR/Cas9 strategies may offer greater
opportunities than those resulting from earlier approaches, potentially as a conse-
quence of the possibility by which the hurdle of delivery will be solved. However,
new approaches for delivery of therapeutic RNA molecules are continuously in
development and were applied for targeting MDR-associated ABC-transporters.

2 Resistance Overcoming Gene Therapy Approaches

2.1 Delivery by Transfection

The easiest way for the delivery of therapeutic agents consisting of nucleic acids is
transfection using different types of transfection reagents. These reagents consist of
cationic lipids or other cationic polymers which can form complexes with nega-
tively charged nucleic acids. These complexes are admitted by the target cells via
endocytosis. Respectively to the complex-forming reagent this process is desig-
nated as lipofection or polyfection. Accordingly, the first studies using antisense
oligonucleotides, ribozymes, or RNAi-mediating agents applied transfection pro-
cedures for knock down of the ABCB1-encoding mRNA. Meanwhile, a huge
number of studies using different cell models were published (overview in Lage
2009). Depending on the cell models, the gene silencing agents, and the target
sequences, a wide range of efficacies in gene silencing could be observed. As an
example, treatment of the multidrug-resistant human gastric carcinoma cell line
EPG85-257RDB and the human pancreatic carcinoma cell line EPP85-181RDB
with complexes consisting of chemically synthesized siRNAs and cationic
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polymers resulted in up to 90 % decrease in the ABCB1 mRNA expression level
(Nieth et al. 2003). In this transient experiment, resistance against the ABCB1
substrate daunorubicin was decreased to 89 % (EPP85-181RDB) or 58 %
(EPG85-257RDB). However, experiments with these cell models applying stable
transfection procedures showed more efficacies in reversal of MDR. ABCB1
downregulation by transfection with anti-ABCB1 ribozyme or anti-ABCB1 short
hairpin RNA (shRNA)-plasmid-based expression vectors resulted in each case in a
comprehensive knock down of the ABCB1 mRNA expression and a complete
reversal of the multidrug-resistant phenotype in EPP85-181RDB and EPG85-
257RDB cells (Stege et al. 2004).

Different improvements of these strategies were developed. For example a
“multitarget multiribozyme” (MTMR) was constructed (Kowalski et al. 2005).
This MTMR was simultaneous directed against the mRNAs encoding three dif-
ferent ABC-transporters, i.e., against ABCB1, ABCC2, and ABCG2. In this
MTMR, the three trans-acting hammerhead ribozymes directed against ABCB1,
ABCC2, and ABCG2 were linked with ABCB1-homologous spacer sequences and
three cis-acting ABCB1-specific ribozymes. The trans-acting hammerhead ribo-
zymes were liberated from the MTMR through autocatalytic self-cleavage by the
cis-acting ribozymes. In different cell models, the MTMR could cleave their
specific substrates without loss of efficiency when compared with the corresponding
monoribozymes.

Although these studies demonstrated the high potential of gene therapeutic
approaches for reversal of MDR by targeting ABCB1, these experimental strategies
are not suitable for therapeutic application. Thus, improved delivery protocols were
developed.

2.2 Nanoparticle-Based Delivery

Different types of nanocarriers designed for gene therapy including RNA-based
drugs therapy have been developed (Xu et al. 2014). These carriers include lipo-
somes, metallic and polymeric nanoparticles, dendrimers, gelatins, and quantum
dots/rods each showing distinct characteristics. Modulation of classical
ABCB1-mediated MDR by nanoparticle-based siRNA delivery started in 2005 with
construction of a delivery vehicle consisting of a dendrimer conjugated to Tat
peptide, a cell penetrating peptide (Kang et al. 2005). However, the dendrimer–
oligonucleotide complexes were poorly effective for delivery of siRNAs and
expression of ABCB1 was only inhibited weakly. In the next nanoparticle-based
RNAi approaches, an improvement of the efficacy of ABCB1 inhibition could be
observed (Patil et al. 2010; Susa et al. 2010). Several studies followed using dif-
ferent multidrug-resistant cancer cell models for in vitro and in vivo studies (Yin
et al. 2012; Zhao et al. 2013; Nourbakhsh et al. 2015; Yang et al. 2015). All these
studies provide a proof of concept that this technique may be applicable for cir-
cumvention of ABCB1-associated MDR.
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2.3 Viral Delivery

In various human trials, viral vectors have emerged as safe and effective delivery
vehicles for clinical gene therapy (Kotterman et al. 2015). Accordingly, viruses
were also used to design vectors encoding shRNAs directed against a
disease-associated target mRNA, including the ABC-transporter-specific tran-
scripts. For example, adenoviruses encoding anti-ABCB1 shRNAs demonstrated
the high potential of this strategy in complete reversal of the multidrug-resistant
phenotype in different cancer models in vitro and in vivo (Kaszubiak et al. 2007;
Ahn et al. 2010). Likewise, lentiviral vectors derived from HIV-1 demonstrated an
efficient downregulation of ABCB1 expression and a successful reversal of the
multidrug-resistant phenotype (Ye et al. 2009).

2.4 Bacterial Delivery

In particular for gene therapeutic treatment of bowel-associated diseases, non-
pathogenic invasive Escherichia coli strains have been developed (Lage and
Fruehauf 2011; Ahmed et al. 2015). In this concept, DNA sequences encoding a
therapeutic nucleic acid such as a shRNA directed against a specific molecule are
transferred to the target cell by bacteria. Two different steps are required for bacteria
to act as delivery systems for therapeutic nucleic acids into mammalian cells:
(i) internalization of the microorganisms into the host cell by endocytosis, followed
by (ii) escape of the therapeutic bacteria or their therapeutic nucleic acid molecules
from the endocytosis vesicle to the cytosol of the target cell. For this approach,
Escherichia coli were equipped with a plasmid containing sequences that encode
two different proteins that can mediate these two steps. The first protein is invasin of
Yersinia pseudotuberculosis. Invasin is localized on the bacterial surface and is able
to bind to a subset of beta-1-integrins embedded in the cell membranes of mam-
malian cells including cancer cells. By this binding, the selective uptake by
endocytosis of the bacteria by the mammalian host cell is enabled. Subsequent to
internalization, Escherichia coli are located in a lysosomal endocytosis vesicle
where lysis of the microorganisms occurs. Among the various bacterial proteins
released into the phagosomal vesicle, lumen is the second protein necessary for
therapeutic bacterial delivery, listeriolysin O (LLO) from Listeria monocytogenes.
This protein is a pore-forming toxin. The cytoplasmic contents of invasive
Escherichia coli, including therapeutic nucleic acids or proteins, can then escape
into the cytosol of the mammalian host cell through the LLO-generated pores.
Consequently, this concept was successfully applied for bacteria-mediated delivery
of therapeutic molecules in vitro as well as in vivo (Critchley et al. 2004).

By the application of this technology to multidrug-resistant cancer cells, the
expression of ABCB1 and the corresponding drug resistance level could be decreased
to approximately 50 % of the initial value (Krühn et al. 2009). The technique was not
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as effective as alternative strategies such as adenoviruses but showed a gentle direct
delivery strategy for treatment of multidrug-resistant carcinoma cells derived from
gastrointestinal tissues.

2.5 Delivery by Jet-Injection

As discussed, the efficient delivery of RNAi effectors represents the major problem
for successful clinical application. In this context, the transfer of naked
RNAi-triggering molecules represents an additional alternative to viral, bacterial,
and liposomal gene transfer technologies which were described. Various in vitro
and in vivo procedures, such as simple needle injection, particle bombardment,
in vivo electroporation, or jet-injection, are employed to deliver naked
RNAi-mediating nucleic acids into the desired cells or tissues (Walther et al. 2010).
These techniques have numerous advantages, such as avoidance of utilization of
recombinant viral particles, modified bacterial organisms, reduced or no
immunostimulatory potential, and no toxicity.

Among different technologies, jet-injection has gained increasing acceptance,
since this technique allows transfer into different tissues with deeper penetration of
naked nucleic acids. The jet-injection technology is based on jets of small volumes,
which are ejected with high velocity and generate the force to deeply penetrate the
targeted tissues and to transfect the affected area. Jet-injection generates broad areas
of RNAi effector encoding transgene expression within the jet-injected tissue. The
in vivo application of this technology does not induce tissue damage or significant
inflammatory reactions at jet-injection sites (Walther et al. 2001).

The technology was successfully applied for reversal of ABCB1-mediated
multidrug resistance in cancer cell lines as well as in human cancer
xenograft-bearing mice (Stein et al. 2008). Anti-ABCB1 shRNA encoding plasmid
vectors decreased the ABCB1 mRNA expression level by more than 90 %. The
corresponding transporter protein was no longer detectable in the tumors. By two
jet injections of anti-ABCB1 shRNA vectors into the tumors, combined with two
intravenous administrations of the cytotoxic drug doxorubicin, were sufficient to
achieve complete reversal of the multidrug-resistant phenotype in the tumor
xenografts.

3 Conclusion

Although in recent years progress has been made in the development of new gene
therapeutic strategies, delivery is still the main hurdle for successful design of gene
therapeutic protocols including targeting ABC-transporters for overcoming mul-
tidrug resistance. New or improved technologies including RNAi- and CRISPR/
Cas9-based approaches may use the long experience obtained with different delivery
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strategies in the past. Also in future, scientists and clinicians will make assiduous
efforts in the development of improved delivery strategies for gene therapeutic
agents to target drug-resistant cancer cells.
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Bacterial Toxins for Oncoleaking
Suicidal Cancer Gene Therapy

Jessica Pahle and Wolfgang Walther

Abstract
For suicide gene therapy, initially prodrug-converting enzymes (gene-directed
enzyme-producing therapy, GDEPT) were employed to intracellularly metabolize
non-toxic prodrugs into toxic compounds, leading to the effective suicidal killing
of the transfected tumor cells. In this regard, the suicide gene therapy has
demonstrated its potential for efficient tumor eradication. Numerous suicide genes
of viral or bacterial origin were isolated, characterized, and extensively tested
in vitro and in vivo, demonstrating their therapeutic potential even in clinical
trials to treat cancers of different entities. Apart from this, growing efforts are
made to generate more targeted and more effective suicide gene systems for
cancer gene therapy. In this regard, bacterial toxins are an alternative to the
classical GDEPT strategy, which add to the broad spectrum of different suicide
approaches. In this context, lytic bacterial toxins, such as streptolysin O (SLO) or
the claudin-targeted Clostridium perfringens enterotoxin (CPE) represent attrac-
tive new types of suicide oncoleaking genes. They permit as pore-forming
proteins rapid and also selective toxicity toward a broad range of cancers. In this
chapter, we describe the generation and use of SLO as well as of CPE-based gene
therapies for the effective tumor cell eradication as promising, novel suicide gene
approach particularly for treatment of therapy refractory tumors.
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1 Introduction

Finding novel and efficient therapies that target malignancies is still important as the
incidence of cancer diseases is constantly increasing. Conventional treatment
modalities for cancer such as surgery, radiation therapy, and chemotherapy, which
are usually combined for a better treatment effect, remain the therapeutic backbone
of cancer therapy. However, these therapies do have their limitations, mainly
caused by tumor heterogeneity and development of therapy refractory tumor cell
populations. During the last decades, anticancer therapy has been continuously
improved to overcome these drawbacks, but problems with adverse effects and drug
resistance still constitute a main obstacle for successful cancer treatment. Therefore,
alternative treatment options are urgently required to efficiently target and eradicate
tumors.

Cancer gene therapy represents one such promising strategy, an approach where
selective tumor cell killing and tumor growth inhibition can be achieved by
introducing foreign nucleic acid (DNA or RNA) as therapeutic agent to tumor cells
(Walther and Stein 1999). Genetic therapy can be approached from different
directions, such as insertion of a normal gene into cancer cells to replace a mutated
or altered gene (Lu et al. 2012; Senzer et al. 2013), selective eradication of tumor
cells by suicide mechanisms, induced apoptosis using additive gene insertion (Di
Stasi et al. 2011; Zarogoulidis et al. 2013), gene suppression by intervention of gene
transcription and translation using, e.g., antisense-oligonucleotides (ASO) (Moulder
et al. 2008; Fidias et al. 2009), micro-RNA (miRNA) (Croce 2009) or small
interfering double-stranded RNA (siRNA) (Santel et al. 2010; Strumberg et al.
2012). Furthermore, many approaches involve inoculation of immune cells (namely
engineered T cells) for immunotherapy. These cells are specifically modified to
either replace the immune system to enhance the anti-tumoral response or to boost
the patient’s own immune system to efficiently kill cancer cells (Kantoff et al. 2010;
Sharpe and Mount 2015).

Gene transfer technology comprises a diverse set of therapeutic options and
provides promising frontiers for treatment. During the last decades, a broad variety
of viral and non-viral vectors have been developed (Gillet et al. 2009). In this
regard, replicating and non-replicating viral vectors were improved using retroviral
or DNA-virus technology platforms (e.g., lentivirus, adenovirus, AAV, Herpes
simplex virus) to increase transfer efficiencies and to improve vector targeting and
transgene expression complemented with transcriptional targeting or conditional
gene (Walther and Stein 2000). Non-viral systems have entered a new level of
quality represented by novel vector types (e.g., minicircle, miniplasmid, dumbbell-
shaped minimalistic vectors, sleeping-beauty), transfer technologies including
nanoparticles/lipofection and physical technologies (e.g., sonoporation, electropo-
ration, particle bombardment/gene-gun, jet injection). One basic obstacle in cancer
gene therapy is the specific targeting directly to a solid tumor. Since particularly in
its advanced stages cancer is a metastasizing disease, systemic gene delivery is still
one major challenge in cancer gene therapy. Insufficient selectivity and transfer
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efficiency especially for clinical applications are limiting factors for successful gene
therapy and demand improvements in targeting of vector delivery, transgene
transcription, and/or translation. In this context, local gene therapy of cancer for
local control of the disease is still of some attractiveness and about 20 % of all
clinical cancer gene therapy trials are performed as local viral or non-viral gene
transfer (Walther et al. 2011b).

Apart from the development of improved transfer technologies, an appropriate
therapeutic gene is decisive for a successful cancer treatment. The choice of the
respective and most suited gene is often determined by the specific gene therapeutic
strategy used for cancer treatment, such as immunogene therapy, suicide gene
therapy, gene correction therapy, or gene suppression therapy.

Since long time of the evolution of cancer gene therapy bacterial toxins have
complemented the list of therapeutic genes and are attractive candidates as they
have demonstrated efficient cell killing capacity in several in vitro and in vivo
studies and have shown their potential for effective cancer treatment (Richardson
et al. 1999). In this chapter, we will focus on the bacterial toxin-based suicide gene
therapy, which is currently gaining increasing attention as treatment option.

2 Suicide Gene Therapy for Cancer Treatment

The major application of suicide gene therapy is focused on treatment of cancer. For
this, initially different so-called prodrug-converting enzymes (gene-directed
enzyme-producing therapy, GDEPT) of bacterial or viral origin were used for
expression in tumor cells, which convert non-toxic prodrugs into toxic metabolites
to kill tumor cells and neighboring cells (bystander effect). Most prominent
members of these suicide genes are still the cytosine deaminase (CD), Herpes
simplex virus thymidine kinase (HSV-tk), cytochrome P450-2B1, and nitroreduc-
tase and variants thereof. The CD- and HSV-tk-expressing vectors have long
entered clinical phases I and II (Zarogoulidis et al. 2013). Recent developments for
these classical suicide genes are aiming at their optimization via mutated variants or
fusion proteins for more efficient generation of the toxic metabolites. The term
suicide gene therapy has meanwhile broadened toward the delivery of genes that are
either directly toxic or pro-apoptotic (Fig. 1).

Even though the ability to kill cancer cells is powerful, there are two major
drawbacks of this enzyme-prodrug system: the mentioned bystander effect, which
can cause unwanted side effects and a reduced effectiveness in slow-dividing cancer
cells. As alternative, suicide gene therapy based on apoptotic genes, such as p53,
Bax, or FasL, has been extensively studied but also revealed limitations as cancer
cells develop resistance to apoptosis induction (Reed 2002; Igney and Krammer
2002).

Therefore, novel suicide gene therapeutics such as bacterial toxins came into
focus, which can overcome the obstacles of resistance and proliferation dependence
of the classical suicidal systems.
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3 Bacterial Toxins in Cancer Therapy

The concept of using bacterial toxins as anticancer agents is actually not new as
their therapeutic potential was recognized and explored almost 100 years ago
(Richardson et al. 1999; Strebhardt and Ullrich 2008). Meanwhile, a continuously
growing number of promising experimental in vitro and in vivo studies, using
bacterial toxins for cancer treatment, has been published, which reveal their
capability of effective cell killing (McCarthy 2006; Patyar et al. 2010; Felgner et al.
2016). In the last decades, the processing and manipulation of toxic bacterial
proteins, such as diphtheria toxin, streptolysin O, or clostridium perfringens
enterotoxin, and their encoding genes were facilitated, leading to the establishment
of “toxin-based therapy” for cancer treatment introducing novel features to suicide
gene therapy such as rapid and quite effective pore-forming cell lysis as novel
oncoleaking strategy.

(a)

(b)

Fig. 1 Targeted killing of cancer cells by using suicide gene therapy. a This approach involves
the transfer of a therapeutic gene encoding a prodrug-activating enzyme into tumor cells followed
by treatment with a specific prodrug. The expression of the therapeutic gene (prodrug-activating
enzyme) enables the conversion of the inactive non-toxic prodrug into an active cytotoxic drug.
Toxic metabolites can then pass to neighboring cancer cells causing cell killing via the bystander
effect. b Direct cell killing is also possible if the inserted gene is expressed to produce a
toxin-inducing cytotoxicity. As the transfected cells undergo cell death, the expressed toxin can
affect neighboring non-transfected cells
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3.1 Diphtheria Toxin

One prominent bacterial toxin, which has been extensively used for therapeutic
approaches including gene therapies, is the diphtheria toxin (DT). The DT, a
62-kDa exotoxin, secreted by pathogenic strains of Corynebacterium diphtheria,
binds to the heparin-binding epidermal growth factor precursor (HB-EGF) on the
cell surface (Louie et al. 1997). DT consists of 535 amino acids and belongs to the
group of AB toxins as it can be cleaved into 2 major fragments (DTA and DTB).
The fragment DTB mediates cell entry by binding to a surface receptors and
subsequent translocation into cytoplasm by undergoing endocytosis. By contrast,
DTA is responsible for the cytotoxic enzymatic activity and inactivates the
ADP-ribosylation of elongation factor 2 (EF2), causing inhibition of protein syn-
theses and cell death (Thorburn et al. 2004; Deng and Barbieri 2008). It is known
that the delivery of a single molecule of the catalytic DTA is sufficient to kill a cell,
but it is not able to enter a neighboring cell in the absence of DTB (Yamaizumi
et al. 1978) (Fig. 2).

3.1.1 DT-Based Suicide Gene Therapy
As mentioned above, DTA is not able to enter a neighboring cell in the absence of
DTB. Therefore, it only specifically kills the actual targeted cell, restricting its
toxicity. These features of high therapeutic potency, the locally restricted toxic
effect, the additional advantages of the evasion of anti-DT immunity, as it is
endogenously expressed within the tumor, and the absence of cellular resistance to
the toxin supports the great potential of DT-A as gene therapeutic agent.

Nevertheless, this potent bacterial toxin requires efficient and reliable selective
targeting, mainly to avoid any unintended side effects on normal cells, which is an
essential requirement for the use of the toxin in cancer gene therapy. Several
attempts to limit the toxicity of DTA by using modified metallothionein promoter
(Maxwell et al. 1986) or by replacement of the wild type DTA sequence with
attenuated mutant variants of DTA (Maxwell et al. 1987) were still not able to
generate targeted tumor cell killing. To minimize damage to healthy tissue, a
specific targeting mechanism was an essential requirement to ensure further use of
the toxin.

In the last decades, tissue- and tumor-specific promoter elements were identified,
which are critically important for more effective and transcriptionally targeted
application of gene therapy (Haviv and Blackwell 2001; Dorer and Nettelbeck
2009). With this knowledge, transcriptional targeting, a method based on posi-
tioning the therapeutic gene (e.g., suicide gene) under the transcriptional regulation
of a promoter which is specifically or preferentially activated in targeted tumor
tissue, was developed (Fukazawa et al. 2004; Saukkonen and Hemminki 2004;
Danda et al. 2013). Until today, numerous tissue-specific promoters have been
cloned, molecularly characterized, and applied for the controlled DTA expression in
different cancer entities.

One example of such promoter is originated from the human H19 RNA gene that
is highly expressed in a wide range of cancers and is important for cell proliferation,
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genetic instability, vascular angiogenesis, multiple drug resistance, metastasis as
well as secondary tumor progression and dissemination (Matouk et al. 2013).
Mizrahi et al. reported the use of then H19 gene promoter to drive the targeted
expression of DTA in ovarian cancer and demonstrated significant tumor growth

Fig. 2 Mechanism of action of diphtheria toxin. 1 The secreted toxin consists of three functional
domains: the N-terminal catalytic domain (DTA), the translocation domain (T), which is bridged
by a disulfide bond to the receptor-binding domain (R). 2 DT binds its receptor (heparin-binding
epidermal growth factor precursor). 3 The cell surface furin protease cleaves the polypeptide chain
between the C and T domains. 4 The toxin-receptor complex is internalized into clathrin-coated
pit. 5 Inside the early endosome, furin protease cleaves toxin molecules and T domain undergoes
conformational change, inserts into endosome membrane and forms a channel, which leads to
translocation of catalytic domain into the cytoplasm, followed by reduction of the disulfide bond. 6
DTA inactivates eukariotic translation elongation factor 2 (eEF2) by ADP-ribosylation, causing
inhibition of translation and consequently cell death
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inhibition of ovarian cancer xenograft-bearing mice after intratumoral injection of
DTA-H19 (Mizrahi et al. 2009). This great potential has been further confirmed in a
variety of tumor entities, such as pancreatic cancer (Scaiewicz et al. 2010; Sorin
et al. 2012), colon adenocarcinoma (Sorin et al. 2011), or primary lung cancer
(Hasenpusch et al. 2011). Thus, DTA-H19 became a “multi-potent vector”
(Smaldone and Davies 2010; Amit and Hochberg 2012; Amit et al. 2013) and has
entered multiple clinical studies. A phase I and II clinical trial in patients with
invasive bladder cancers, receiving intravesical DTA-H19 (namely BC-819)
revealed partial and complete response rates as well as prevention of tumor
recurrence in two-thirds of treated patients (Gofrit et al. 2014).

Another very recent example for transcriptionally targeted therapy of DT was
shown by Tholey et al. They generated DNA-vector constructs with either the
pancreatic cancer-specific mesothelin (MSLN) or Mucin 1 (MUC1) promoter
linked to DTA coding sequence and combined it with a highly efficient and
biodegradable polymer to deliver the vector DNA to pancreatic cancer cells (Tholey
et al. 2015). MSLN and MUC1 gene promoters represent promising transcriptional
control elements, as they are active at low level in normal cells and highly active a
diversity of tumor types, particularly in pancreatic cancer cells, mainly in the most
aggressive form that are typically resistant to conventional therapy (Singh and
Bandyopadhyay 2007; Showalter et al. 2008; Winter et al. 2012). With this
knowledge on promoter activities, MSLN and MUC1 promoter-driven DTA con-
structs were generated, demonstrating its specific and selective activity as it pref-
erentially kills MSLN/MUC1-expressing pancreatic cancer cells in vitro. A further
analysis of matched primary and metastatic tumors in patients showed the great
potential of MUC1-targeted therapy as targeting strategy, since this expression is
observed consistently in primary tumors and metastasis.

3.2 Streptolysin O

Apart from the strategy of, e.g., of intervention in protein translation by bacterial
toxin like DTA, the approach of cell lysis by pore-forming toxins is of attractive-
ness to eradicate tumor cells. Particularly in light of additional immunostimulation,
tumor cell lysis might add to tumor therapy as it deliberates tumor antigens, which
could in turn contribute to the activation of the patient’s immune response against
the tumor. One such pore-forming toxin is streptolysin O (SLO). SLO is a 62-kDa
toxin secreted by many strains of Streptococcus bacteria and belongs to the family
of pore-forming toxins called cholesterol-dependent cytolysins (CDCs) (Bhakdi
et al. 1996). SLO consists of four domains D1–D4, which are rich in β-sheet
proportions. The most important protein domains are D3 and D4, as domain D3
provides the transmembrane spanning regions for the toxin and domain D4 directly
interacts with cholesterol of the cell membranes. After specifically binding to
membrane cholesterols, SLO monomers oligomerize to form homotypic aggregates,
which insert into membrane to form a large pore whose diameters can reach up to
35 nm (Shatursky et al. 1999; Sierig et al. 2003) (Fig. 3a).
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3.2.1 SLO-Mediated Cytolytic Suicide Gene Therapy
While recombinant SLO protein has been used in several studies for its
pore-forming properties, Yang et al. thought of exploiting this particular property of
SLO to kill malignant tumor cells and to take the advantage to overcome the
anti-apoptotic resistance of cancer cells as well proliferation rate dependence (Yang
et al. 2006). Most bacterial toxins, such as diphtheria toxin or pseudomonas exo-
toxin, tested so far in suicide gene therapy acted “inside” the targeted tumor cell
(Martín et al. 2000; Kawakami et al. 2001). Conversely, pore-forming toxins are
known to act at the cell membrane and have formerly been used as immunotoxins
or recombinant proteins for anticancer treatment. In the study of Yang et al., a

(a)

(b)

Fig. 3 a The mechanism of SLO action. SLO binds specifically to membrane cholesterol and
oligomerizes to create a ring structure, which contains 45–50 units and inserts into the membrane
to create a large pore, leading to loss of balance between in- and effluxes across the cell membrane.
This pore formation further induces cytolysis. b The mechanism of CPE binding and mediated
cytotoxicity. CPE binds directly to its receptor, preferably claudin-3 or claudin-4, at the plasma
membrane of intestinal epithelium. The small CPE/claudin complexes may also include other
claudins, e.g., claudin-1, via an indirect interaction. Six small complexes oligomerize to form a
large hexameric complex (CH-1), which increases permeability of the cell membrane. CH-1
complexes eventually incorporate occluding, resulting in an even larger complex, namely CH-2,
which disrupts epithelial tight junctions resulting in a breakdown of colloid-osmotic equilibrium of
affected cells. In consequence, cells undergo cell death by lysis
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conventional plasmid expression vector carrying the SLO gene was used in a
liposome-mediated transfection system. Initially, HEK293T cells (human embry-
onic kidney fibroblasts) were transiently transfected with the SLO vector, leading to
cell death caused by cell membrane permeabilization and disintegration. SLO
secreted by bacteria usually creates large pores in target cell membrane, allowing
large molecules to pass through. To determine whether the observed cytotoxicity in
SLO transfected cells was caused by pore formation of expressed SLO lactate
dehydrogenase (LDH) release, caspase activity was measured and cells were
monitored under electron microscopy. High level of LDH but no caspase activation
was observed, indicating that SLO protein expressed within HEK cells induces
necrosis. In further studies, they extended their approach by developing an aden-
oviral expression vector as high-efficiency gene transfer system, which significantly
reduced cell viability in several human cancer cell lines (cervical carcinoma cells,
C33; lung carcinoma cells, A549; breast cancer cells, MCF-7; and prostate cancer
cells, Hep3B). After SLO gene transfer, significant anti-tumoral activity by
SLO-mediated cytotoxicity was observed in treated CA33 xenograft-bearing mice.

This study demonstrated the successful use of the SLO gene as anticancer agent
in vitro and more importantly in vivo. However, these studies reveal limitations, as
the use is limited to local treatment otherwise massive unwanted side effects could
occur, since cholesterol is certainly also present in cell membranes of healthy
normal cells. Therefore, further modifications like attachment of rather
tumor-specific promoters upstream the SLO gene or changing adenoviral fiber
proteins, which bind to specific tumor cell surface proteins, are required.

3.3 Clostridium Perfringens Enterotoxin

Another promising pore-forming bacterial toxin for the suicide gene therapy is the
clostridium perfringens enterotoxin, which is produced by the anaerobic
gram-positive bacterium Clostridium perfringens and mainly associated with food
poisoning (Minton 2003; Johnson 1999). This 35-kDA single protein contains 319
amino acids with a unique primary sequence. CPE is a two-domain protein that
consists of (1) C-terminal receptor-binding domain (amino acid residues 184-319),
which recognizes and binds to certain members of the claudin family and an
N-terminal domain that is involved in oligomerization and pore formation (Kita-
dokoro et al. 2011; Briggs et al. 2011).

The C-terminal fragment of CPE (c-CPE) reveals a high-affinity binding to its
receptors, for example, claudin-3 or claudin-4; however, it is not able to initiate or
form pores (Hanna et al. 1991). The N-terminal residues 80–160 also referred to as
TM1 region consist of hydrophilic and hydrophobic amino acids, which resemble
the β-loops, which then mediate membrane insertion and pore formation. The
mechanism of action of CPE is initiated by the binding to its natural receptors, the
transmembrane proteins claudin. In particular, claudin-3, claudin-4, claudin-6,
claudin-6, and claudin-14 are proven CPE receptors (Katahira et al. 1997; Fujita
et al. 2000; Lal-Nag et al. 2012; Shrestha and McClane 2013; Shrestha et al. 2016).
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The claudin family consists of at least 27 proteins that are essential for tight
junction formation in epithelial and endothelial cells. They also play an important
role in controlling paracellular transport and maintenance of cell polarity (Gumbiner
1987). Claudins are comprised of four transmembrane domains; a C-terminal
cytoplasmic tail; and two extracellular loops, ECL1 and ECL2 (Günzel and Fromm
2012). The binding of CPE to its claudin receptor triggers the formation of a “small
complex” (90 kDa), containing CPE and the receptor (Tsukita and Furuse 2000;
Smedley et al. 2007). This small complex by itself is not able to mediate cytoxicity,
but several small complexes interact and oligomerize to a prepore on the membrane
surface, which results in a 450-kDa “large complex”—named CH-1 complex
(Robertson et al. 2007). The CH-1 complex that comprises a CPE hexamer and
claudins subsequently forms a pore into the membrane, causing membrane per-
meability alterations, and permits a calcium influx, inducing cell death (Matsuda
and Sugimoto 1979; Freedman et al. 2016). The morphological damage leads to
exposure of the basolateral cell surface, allowing additional binding of the toxin to
form an even larger *600-kDa complex, known as CH-2, which consists of
claudins as well as occludin (Singh et al. 2000) (Fig. 3b).

So far it is known that high CPE concentration causes formation of many pores,
leading to a massive calcium influx and consequently to necrotic cell death,
whereas low CPE concentration results in formation of low number of pores, rather
causing apoptosis (Chakrabarti et al. 2003).

3.3.1 CPE-Based Oncoleaking Suicide Gene Therapy
Numerous studies have shown that certain cancer entities, particularly epithelial
cancers, such as colon, breast, prostate, ovarian, and pancreatic cancer, possess a
high expression of claudin-3 and/or claudin-4 (Rangel et al. 2003; Hewitt et al.
2006; Santin et al. 2007; Takala et al. 2007; Kominsky et al. 2007; Saeki et al.
2009; Neesse et al. 2012; Lu et al. 2013). Due to this fact, considerable effort has
been made to develop a CPE-based approach for cancer therapy and its potential
clinical benefit in targeting claudin-3- and claudin-4-expressing tumors has been
evaluated. The application of recombinant CPE protein demonstrated a
dose-dependent cell killing of claudin-3 and claudin-4-overexpressing pancreatic,
breast or colon cancer cells in vitro and in vivo (Litkouhi et al. 2007; Saeki et al.
2009; Gao and McClane 2012; Kojima et al. 2012). In addition to that, the intra-
tumoral application in tumor bearing mice did not induce unwanted
toxin-associated side effects. However, the use of recombinant CPE protein requires
repeated application of the toxin to achieve significant therapeutic effect (Michl
et al. 2001; Kominsky et al. 2004). Alternatively, the gene transfer of a
CPE-expressing vector could be sufficient to significantly prolong toxin availability
and improve intratumoral dispersion and subsequently amplify the cytotoxic effect.

Based on this idea, we established an eukaryotic translation optimized CPE
vector (optCPE), which combines both target specificity and efficient cytotoxicity
(Walther et al. 2011a). The intracellular CPE expression and accumulation after
gene transfer led to effective eradication of claudin-3 and claudin-4 high-expressing
cells, such as the mammary carcinoma cell line MCF-7 or the human pancreatic
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cancer cells Panc1, whereas claudin-negative cells like the melanoma cell line
Sk-Mel5 remained unaffected. This study further demonstrated that even though
CPE is produced inside the transfected cell, its outside action of binding to the
claudins and mediating pore formation and cell lysis is not hampered.

More importantly, it was shown that non-viral intratumoral gene transfer of
CPE-expressing plasmid-vector does induce extensive tumor necrosis in HCT116
human colon carcinoma and in MCF-7 human mammary carcinoma xenotrans-
planted mice. This was associated with significant reduction in tumor growth and
showed improved efficacy over treatments with the recombinant CPE, which was
well tolerated by the animals.

In our very recent study, we employed the optCPE gene therapy to selectively
eradicate claudin-3 and claudin-4-expressing pancreatic carcinomas and demon-
strated again the successful use of this suicide gene therapy approach as CPE
expression permitted rapid tumor destruction in vitro (Pahle et al. 2015).

In both studies, we observed the presence of released biological active CPE in
the media of all transfected cells (claudin-positive and claudin-negative cells),
suggesting a cytotoxicity-independent deliberation of CPE, which further supports
the concept of bystander effect that strongly contributes to the efficiency of this gene
therapy approach (Fig. 1b).

For the improved and more effective use of the toxin, the mode of cell death,
induced by transfected CPE is of interest. The analysis on cell death mechanism
revealed that delayed activation of the caspases 3/7 was induced, indicating rather
CPE-mediated necrosis than apoptosis. This was further supported by the dramatic
increase of LDH release after CPE transfection and appearance of necrotic cell
morphology, such as cell membrane and nuclear rupture. As mentioned above and
reported by others, cell death mechanism is dependent on CPE concentration,
number of pores generated by CPE and claudin localization (tight junctions, cell
membrane, cytoplasm) of targeted cell, which determines accessibility for CPE
binding.

Taken together, CPE oncoleaking gene therapy is of great value for the targeted
eradication of therapy refractory tumors, which is further improved by the
bystander effect of this particular suicide approach.

4 Conclusions

As gene therapy comes of age, it has shown its efficacy for the treatment of cancer
diseases reflected by the application of this strategy in clinical trials. In fact, more
than 7 % of all gene therapy clinical trials worldwide are employing suicide
approaches either as monotherapy or in combination with other, conventional
therapies such as chemo- and radiotherapy. Numerous suicidal systems have been
established and successfully employed and among them bacterial toxins might
experience some thorough re-evaluation as potential tools for more effective and to
some extend more targeted gene therapies. In this regard, pore-forming, oncoleaking
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bacterial toxins such as SLO or CPE hold promise for the efficient and rapid tumor
cell killing. In particular CPE action is associated with selective tumor cell killing
properties targeting the claudin-3 and claudin-4 tight junction proteins, which are
often deregulated in epithelial cancers. As shown for meanwhile classical suicidal
systems (e.g., CD, HSV-tk), bacterial toxins like CPE do also possess the feature of
bystander effect, which is important if not essential for effective in vivo use of this
suicide gene therapeutic. These initial studies for the use of bacterial toxins for
oncoleaking suicide therapies might further promote the directed search for novel,
similarly or even more effective and tumor-targeted toxins that can potentially be
used for cancer gene therapy.

References

Amit D, Hochberg A (2012) Development of targeted therapy for a broad spectrum of cancers
(pancreatic cancer, ovarian cancer, glioblastoma and HCC) mediated by a double promoter
plasmid expressing diphtheria toxin under the control of H19 and IGF2-P4 regulatory
sequences. Int J Clin Exp Med 5:296–305

Amit D, Tamir S, Hochberg A (2013) Development of targeted therapy for a broad spectrum of
solid tumors mediated by a double promoter plasmid expressing diphtheria toxin under the
control of IGF2-P4 and IGF2-P3 regulatory sequences. Int J Clin Exp Med 6:110–118. doi:10.
1186/1479-5876-8-134

Bhakdi S, Bayley H, Valeva A et al (1996) Staphylococcal alpha-toxin, streptolysin-O, and
Escherichia coli hemolysin: prototypes of pore-forming bacterial cytolysins. Arch Microbiol
165:73–79. doi:10.1007/s002030050300

Briggs DC, Naylor CE, Smedley JG et al (2011) Structure of the food-poisoning Clostridium
perfringens enterotoxin reveals similarity to the aerolysin-like pore-forming toxins. J Mol Biol
413:138–149. doi:10.1016/j.jmb.2011.07.066

Chakrabarti G, Zhou X, McClane BA (2003) Death pathways activated in CaCo-2 cells by
Clostridium perfringens enterotoxin. Infect Immun 71:4260–4270

Croce CM (2009) Causes and consequences of microRNA dysregulation in cancer. Nat Rev Genet
10:704–714. doi:10.1038/nrg2634

Danda R, Krishnan G, Ganapathy K et al (2013) Targeted expression of suicide gene by
tissue-specific promoter and microRNA regulation for cancer gene therapy. PLoS ONE 8:
e83398. doi:10.1371/journal.pone.0083398

Deng Q, Barbieri JT (2008) Molecular mechanisms of the cytotoxicity of ADP-ribosylating toxins.
Annu Rev Microbiol 62:271–288. doi:10.1146/annurev.micro.62.081307.162848

Di Stasi A, Tey S-K, Dotti G et al (2011) Inducible apoptosis as a safety switch for adoptive cell
therapy. N Engl J Med 365:1673–1683. doi:10.1056/NEJMoa1106152

Dorer DE, Nettelbeck DM (2009) Targeting cancer by transcriptional control in cancer gene
therapy and viral oncolysis. Adv Drug Deliv Rev 61:554–571. doi:10.1016/j.addr.2009.03.013

Felgner S, Kocijancic D, Frahm M, Weiss S (2016) Bacteria in cancer therapy: renaissance of an
old concept. Int J Microbiol 2016:1–14. doi:10.1155/2016/8451728

Fidias P, Pennell NA, Boral AL et al (2009) Phase I study of the c-raf-1 antisense oligonucleotide
ISIS 5132 in combination with carboplatin and paclitaxel in patients with previously untreated,
advanced non-small cell lung cancer. J Thorac Oncol 4:1156–1162. doi:10.1097/JTO.
0b013e3181b2793f

Freedman J, Shrestha A, McClane B (2016) Clostridium perfringens Enterotoxin: action, genetics,
and translational applications. Toxins (Basel) 8:73. doi:10.3390/toxins8030073

106 J. Pahle and W. Walther

http://dx.doi.org/10.1186/1479-5876-8-134
http://dx.doi.org/10.1186/1479-5876-8-134
http://dx.doi.org/10.1007/s002030050300
http://dx.doi.org/10.1016/j.jmb.2011.07.066
http://dx.doi.org/10.1038/nrg2634
http://dx.doi.org/10.1371/journal.pone.0083398
http://dx.doi.org/10.1146/annurev.micro.62.081307.162848
http://dx.doi.org/10.1056/NEJMoa1106152
http://dx.doi.org/10.1016/j.addr.2009.03.013
http://dx.doi.org/10.1155/2016/8451728
http://dx.doi.org/10.1097/JTO.0b013e3181b2793f
http://dx.doi.org/10.1097/JTO.0b013e3181b2793f
http://dx.doi.org/10.3390/toxins8030073


Fujita K, Katahira J, Horiguchi Y et al (2000) Clostridium perfringens enterotoxin binds to the
second extracellular loop of claudin-3, a tight junction integral membrane protein. FEBS Lett
476:258–261

Fukazawa T, Maeda Y, Sladek FM, Owen-Schaub LB (2004) Development of a cancer-targeted
tissue-specific promoter system. Cancer Res 64:363–369. doi:10.1158/0008-5472.can-03-2507

Gao Z, McClane B a (2012) Use of Clostridium perfringens enterotoxin and the enterotoxin
receptor-binding domain (C-CPE) for cancer treatment: opportunities and challenges. J Toxicol
2012:981626. doi:10.1155/2012/981626

Gillet J-P, Macadangdang B, Fathke RL et al (2009) The development of gene therapy: from
monogenic recessive disorders to complex diseases such as cancer. Methods Mol Biol Clift NJ
542:5–54

Gofrit ON, Benjamin S, Halachmi S et al (2014) DNA based therapy with diphtheria toxin-A
BC-819: a phase 2b marker lesion trial in patients with intermediate risk nonmuscle invasive
bladder cancer. J Urol 191:1697–1702. doi:10.1016/j.juro.2013.12.011

Gumbiner B (1987) Structure, biochemistry, and assembly of epithelial tight junctions. Am J
Physiol 253:C749–C758

Günzel D, Fromm M (2012) Claudins and other tight junction proteins. Compr Physiol 2:1819–
1852. doi:10.1002/cphy.c110045

Hanna PC, Mietzner TA, Schoolnik GK, McClane BA (1991) Localization of the receptor-binding
region of Clostridium perfringens enterotoxin utilizing cloned toxin fragments and synthetic
peptides. The 30 C-terminal amino acids define a functional binding region. J Biol Chem
266:11037–11043

Hasenpusch G, Pfeifer C, Aneja MK et al (2011) Aerosolized BC-819 inhibits primary but not
secondary lung cancer growth. PLoS ONE 6:e20760. doi:10.1371/journal.pone.0020760

Haviv YS, Blackwell J (2001) Transcriptional regulation in cancer gene therapy. Isr Med Assoc J
3:517–522

Hewitt KJ, Agarwal R, Morin PJ (2006) The claudin gene family: expression in normal and
neoplastic tissues. BMC Cancer 6:186. doi:10.1186/1471-2407-6-186

Igney FH, Krammer PH (2002) Death and anti-death: tumour resistance to apoptosis. Nat Rev
Cancer 2:277–288. doi:10.1038/nrc776

Johnson EA (1999) Clostridial toxins as therapeutic agents: benefits of natur's most toxic proteins.
Annu Rev Microbiol 53:551–75. doi:10.1146/annurev.micro.53.1.551

Kantoff PW, Higano CS, Shore ND et al (2010) Sipuleucel-T immunotherapy for
castration-resistant prostate cancer. N Engl J Med 363:411–422. doi:10.1056/
NEJMoa1001294

Katahira J, Inoue N, Horiguchi Y et al (1997) Molecular cloning and functional characterization of
the receptor for Clostridium perfringens enterotoxin. J Cell Biol 136:1239–1247

Kawakami K, Kawakami M, Joshi BH, Puri RK (2001) Interleukin-13 receptor-targeted cancer
therapy in an immunodeficient animal model of human head and neck cancer. Cancer Res
61:6194–6200

Kitadokoro K, Nishimura K, Kamitani S et al (2011) Crystal structure of Clostridium perfringens
enterotoxin displays features of beta-pore-forming toxins. J Biol Chem 286:19549–19555.
doi:10.1074/jbc.M111.228478

Kojima T, Kyuno D, Sawada N (2012) Targeting claudin-4 in human pancreatic cancer. Expert
Opin Ther Targets 16:881–887. doi:10.1517/14728222.2012.708340

Kominsky SL, Tyler B, Sosnowski J et al (2007) Clostridium perfringens enterotoxin as a
novel-targeted therapeutic for brain metastasis. Cancer Res 67:7977–7982. doi:10.1158/0008-
5472.CAN-07-1314

Kominsky SL, Vali M, Korz D et al (2004) Clostridium perfringens enterotoxin elicits rapid and
specific cytolysis of breast carcinoma cells mediated through tight junction proteins claudin 3
and 4. Am J Pathol 164:1627–1633

Lal-Nag M, Battis M, Santin a D, Morin PJ (2012) Claudin-6: a novel receptor for CPE-mediated
cytotoxicity in ovarian cancer. Oncogenesis 1:e33. doi:10.1038/oncsis.2012.32

Bacterial Toxins for Oncoleaking … 107

http://dx.doi.org/10.1158/0008-5472.can-03-2507
http://dx.doi.org/10.1155/2012/981626
http://dx.doi.org/10.1016/j.juro.2013.12.011
http://dx.doi.org/10.1002/cphy.c110045
http://dx.doi.org/10.1371/journal.pone.0020760
http://dx.doi.org/10.1186/1471-2407-6-186
http://dx.doi.org/10.1038/nrc776
http://dx.doi.org/10.1146/annurev.micro.53.1.551
http://dx.doi.org/10.1056/NEJMoa1001294
http://dx.doi.org/10.1056/NEJMoa1001294
http://dx.doi.org/10.1074/jbc.M111.228478
http://dx.doi.org/10.1517/14728222.2012.708340
http://dx.doi.org/10.1158/0008-5472.CAN-07-1314
http://dx.doi.org/10.1158/0008-5472.CAN-07-1314
http://dx.doi.org/10.1038/oncsis.2012.32


Litkouhi B, Kwong J, Lo C-M et al (2007) Claudin-4 overexpression in epithelial ovarian cancer is
associated with hypomethylation and is a potential target for modulation of tight junction
barrier function using a C-terminal fragment of Clostridium perfringens enterotoxin. Neoplasia
9:304–314

Louie GV, Yang W, Bowman ME, Choe S (1997) Crystal structure of the complex of diphtheria
toxin with an extracellular fragment of its receptor. Mol Cell 1:67–78. doi:10.1016/S1097-
2765(00)80008-8

Lu C, Stewart DJ, Lee JJ et al (2012) Phase I clinical trial of systemically administered TUSC2
(FUS1)-nanoparticles mediating functional gene transfer in humans. PLoS ONE 7:e34833.
doi:10.1371/journal.pone.0034833

Lu Z, Ding L, Lu Q, Chen Y-H (2013) Claudins in intestines: distribution and functional
significance in health and diseases. Tissue barriers 1:e24978

Martín V, Cortés ML, de Felipe P et al (2000) Cancer gene therapy by thyroid hormone-mediated
expression of toxin genes. Cancer Res 60:3218–3224

Matouk I, Raveh E, Ohana P et al (2013) The increasing complexity of the oncofetal h19 gene
locus: functional dissection and therapeutic intervention. Int J Mol Sci 14:4298–4316. doi:10.
3390/ijms14024298

Matsuda M, Sugimoto N (1979) Calcium-independent and dependent steps in action of
Clostridiumperfringens enterotoxin on HeLa and Vero cells. Biochem Biophys Res Commun
91:629–636. doi:10.1016/0006-291X(79)91568-7

Maxwell F, Maxwell IH, Glode LM (1987) Cloning, sequence determination, and expression in
transfected cells of the coding sequence for the tox 176 attenuated diphtheria toxin A chain.
Mol Cell Biol 7:1576–1579

Maxwell IH, Maxwell F, Glode LM (1986) Regulated expression of a diphtheria toxin A-chain
gene transfected into human cells: possible strategy for inducing cancer cell suicide. Cancer
Res 46:4660–4.

McCarthy EF (2006) The toxins of William B. Coley and the treatment of bone and soft-tissue
sarcomas. Iowa Orthop J 26:154–158

Michl P, Buchholz M, Rolke M et al (2001) Claudin-4: a new target for pancreatic cancer
treatment using Clostridium perfringens enterotoxin. Gastroenterology 121:678–684. doi:10.
1053/gast.2001.27124

Minton NP (2003) Clostridia in cancer therapy. Nat Rev Microbiol 1:237–242
Mizrahi A, Czerniak A, Levy T et al (2009) Development of targeted therapy for ovarian cancer

mediated by a plasmid expressing diphtheria toxin under the control of H19 regulatory
sequences. J Transl Med 7:69. doi:10.1186/1479-5876-7-69

Moulder SL, Symmans WF, Booser DJ et al (2008) Phase I/II study of G3139 (Bcl-2 antisense
oligonucleotide) in combination with doxorubicin and docetaxel in breast cancer. Clin Cancer
Res 14:7909–7916. doi:10.1158/1078-0432.CCR-08-1104

Neesse a, Griesmann H, Gress TM, Michl P (2012) Claudin-4 as therapeutic target in cancer. Arch
Biochem Biophys 524:64–70. doi:10.1016/j.abb.2012.01.009

Pahle J, Aumann J, Kobelt D, Walther W (2015) Oncoleaking: use of the pore-forming clostridium
perfringens enterotoxin (CPE) for suicide gene therapy. Methods Mol Biol 1317:69–85. doi:10.
1007/978-1-4939-2727-2_5

Patyar S, Joshi R, Byrav DP et al (2010) Bacteria in cancer therapy: a novel experimental strategy.
J Biomed Sci 17:21

Rangel LBA, Agarwal R, D’Souza T et al (2003) Tight junction proteins claudin-3 and claudin-4
are frequently overexpressed in ovarian cancer but not in ovarian cystadenomas. Clin Cancer
Res 9:2567–2575

Reed JC (2002) Apoptosis-based therapies. Nat Rev Drug Discov 1:111–121. doi:10.1038/nrd726
Richardson MA, Ramirez T, Russell NC, Moye LA (1999) Coley toxins immunotherapy: a

retrospective review. Altern Ther Health Med 5:42–47

108 J. Pahle and W. Walther

http://dx.doi.org/10.1016/S1097-2765(00)80008-8
http://dx.doi.org/10.1016/S1097-2765(00)80008-8
http://dx.doi.org/10.1371/journal.pone.0034833
http://dx.doi.org/10.3390/ijms14024298
http://dx.doi.org/10.3390/ijms14024298
http://dx.doi.org/10.1016/0006-291X(79)91568-7
http://dx.doi.org/10.1053/gast.2001.27124
http://dx.doi.org/10.1053/gast.2001.27124
http://dx.doi.org/10.1186/1479-5876-7-69
http://dx.doi.org/10.1158/1078-0432.CCR-08-1104
http://dx.doi.org/10.1016/j.abb.2012.01.009
http://dx.doi.org/10.1007/978-1-4939-2727-2_5
http://dx.doi.org/10.1007/978-1-4939-2727-2_5
http://dx.doi.org/10.1038/nrd726


Robertson SL, Smedley JG, Singh U et al (2007) Compositional and stoichiometric analysis of
Clostridium perfringens enterotoxin complexes in Caco-2 cells and claudin 4 fibroblast
transfectants. Cell Microbiol 9:2734–2755

Saeki R, Kondoh M, Kakutani H et al (2009) A novel tumor-targeted therapy using a
claudin-4-targeting molecule. Mol Pharmacol 76:918–926

Santel A, Aleku M, Röder N et al (2010) Atu027 prevents pulmonary metastasis in experimental
and spontaneous mouse metastasis models. Clin Cancer Res 16:5469–5480. doi:10.1158/1078-
0432.CCR-10-1994

Santin AD, Bellone S, Siegel ER et al (2007) Overexpression of Clostridium perfringens
enterotoxin receptors claudin-3 and claudin-4 in uterine carcinosarcomas. Clin Cancer Res
13:3339–3346

Saukkonen K, Hemminki A (2004) Tissue-specific promoters for cancer gene therapy. Expert
Opin Biol Ther 4:683–96

Scaiewicz V, Sorin V, Fellig Y et al (2010) Use of H19 gene regulatory sequences in DNA-based
therapy for pancreatic cancer. J Oncol 2010:178174. doi:10.1155/2010/178174

Senzer N, Nemunaitis J, Nemunaitis D et al (2013) Phase I study of a systemically delivered p53
nanoparticle in advanced solid tumors. Mol Ther 21:1096–1103. doi:10.1038/mt.2013.32

Sharpe M, Mount N (2015) Genetically modified T cells in cancer therapy: opportunities and
challenges. Dis Model Mech 8:337–350. doi:10.1242/dmm.018036

Shatursky O, Heuck AP, Shepard LA et al (1999) The mechanism of membrane insertion for a
cholesterol-dependent cytolysin. Cell 99:293–299. doi:10.1016/S0092-8674(00)81660-8

Showalter S, Huang Y-H, Witkiewicz A et al (2008) Nanoparticulate delivery of diphtheria toxin
DNA effectively kills mesothelin expressing pancreatic cancer cells. Cancer Bio Ther
7:1584–1590

Shrestha A, McClane BA (2013) Human claudin-8 and -14 are receptors capable of conveying the
cytotoxic effects of Clostridium perfringens enterotoxin. MBio. doi:10.1128/mBio.00594-12

Shrestha A, Uzal FA, McClane BA (2016) The interaction of Clostridium perfringens enterotoxin
with receptor claudins. Anaerobe 41:18–26. doi:10.1016/j.anaerobe.2016.04.011

Sierig G, Cywes C, Wessels MR, Ashbaugh CD (2003) Cytotoxic effects of streptolysin o and
streptolysin s enhance the virulence of poorly encapsulated group a streptococci. Infect Immun
71:446–455

Singh R, Bandyopadhyay D (2007) MUC1: a target molecule for cancer therapy. Cancer Biol Ther
6:481–486

Singh U, Van Itallie CM, Mitic LL et al (2000) CaCo-2 cells treated with Clostridium perfringens
enterotoxin form multiple large complex species, one of which contains the tight junction
protein occludin. J Biol Chem 275:18407–18417

Smaldone MC, Davies BJ (2010) BC-819, a plasmid comprising the H19 gene regulatory
sequences and diphtheria toxin A, for the potential targeted therapy of cancers. Curr Opin Mol
Ther 12:607–616

Smedley JG, Uzal FA, McClane BA (2007) Identification of a prepore large-complex stage in the
mechanism of action of Clostridium perfringens enterotoxin. Infect Immun 75:2381–2390

Sorin V, Ohana P, Gallula J et al (2012) H19-promoter-targeted therapy combined with
gemcitabine in the treatment of pancreatic cancer. ISRN Oncol 2012:351750. doi:10.5402/
2012/351750

Sorin V, Ohana P, Mizrahi A et al (2011) Regional therapy with DTA-H19 vector suppresses
growth of colon adenocarcinoma metastases in the rat liver. Int J Oncol 39:1407–1412

Strebhardt K, Ullrich A (2008) Paul Ehrlich’s magic bullet concept: 100 years of progress. Nat
Rev Cancer 8:473–480. doi:10.1038/nrc2394

Strumberg D, Schultheis B, Traugott U et al (2012) Phase I clinical development of Atu027, a
siRNA formulation targeting PKN3 in patients with advanced solid tumors. Int J Clin
Pharmacol Ther 50:76–78

Bacterial Toxins for Oncoleaking … 109

http://dx.doi.org/10.1158/1078-0432.CCR-10-1994
http://dx.doi.org/10.1158/1078-0432.CCR-10-1994
http://dx.doi.org/10.1155/2010/178174
http://dx.doi.org/10.1038/mt.2013.32
http://dx.doi.org/10.1242/dmm.018036
http://dx.doi.org/10.1016/S0092-8674(00)81660-8
http://dx.doi.org/10.1128/mBio.00594-12
http://dx.doi.org/10.1016/j.anaerobe.2016.04.011
http://dx.doi.org/10.5402/2012/351750
http://dx.doi.org/10.5402/2012/351750
http://dx.doi.org/10.1038/nrc2394


Takala H, Saarnio J, Wiik H, Soini Y (2007) Claudins 1, 3, 4, 5 and 7 in esophageal cancer: loss of
claudin 3 and 4 expression is associated with metastatic behavior. APMIS Acta Pathol
Microbiol Immunol Scand 115:838–847

Tholey RM, Lal S, Jimbo M et al (2015) MUC1 promoter-driven DTA as a targeted therapeutic
strategy against pancreatic cancer. Mol Cancer Res 13:439–448. doi:10.1158/1541-7786.
MCR-14-0199

Thorburn A, Thorburn J, Frankel AE (2004) Induction of apoptosis by tumor cell-targeted toxins.
Apoptosis 9:19–25. doi:10.1023/B:APPT.0000012118.95548.88

Tsukita S, Furuse M (2000) Pores in the wall: claudins constitute tight junction strands containing
aqueous pores. J Cell Biol 149:13–16

Walther W, Petkov S, Kuvardina ON et al (2011a) Novel Clostridium perfringens enterotoxin
suicide gene therapy for selective treatment of claudin-3- and -4-overexpressing tumors. Gene
Ther 19:494–503. doi:10.1038/gt.2011.136

Walther W, Schlag PM, Stein U (2011b) Local gene delivery for therapy of solid tumors. Drug
delivery in oncology. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, pp 1391–1413

Walther W, Stein U (1999) Therapeutic genes for cancer gene therapy. Mol Biotechnol 13:21–28.
doi:10.1385/MB:13:1:21

Walther W, Stein U Walther W, Stein U (2000) Viral vectors for gene transfer: a review of their
use in the treatment of human diseases. Drugs 60:249–271. jourlib.org. http://www.jourlib.org/
references/5588026. Accessed 30 Sep 2015

Winter JM, Tang LH, Klimstra DS et al (2012) A novel survival-based tissue microarray of
pancreatic cancer validates MUC1 and mesothelin as biomarkers. PLoS ONE 7:e40157.
doi:10.1371/journal.pone.0040157

Yamaizumi M, Mekada E, Uchida T et al (1978) One molecule of diphtheria toxin fragment a
introduced into a cell can kill the cell. Cell 15:245–250. doi:10.1016/0092-8674(78)90099-5

Yang WS, Park S-O, Yoon A-R et al (2006) Suicide cancer gene therapy using pore-forming toxin,
streptolysin O. Mol Cancer Ther 5:1610–1619. doi:10.1158/1535-7163.MCT-05-0515

Zarogoulidis P, Darwiche K, Sakkas A et al (2013) Suicide gene therapy for cancer—current
strategies. J Genet Syndr gene Ther 9(4pii):16849. doi:10.4172/2157-7412.1000139

110 J. Pahle and W. Walther

http://dx.doi.org/10.1158/1541-7786.MCR-14-0199
http://dx.doi.org/10.1158/1541-7786.MCR-14-0199
http://dx.doi.org/10.1023/B:APPT.0000012118.95548.88
http://dx.doi.org/10.1038/gt.2011.136
http://dx.doi.org/10.1385/MB:13:1:21
http://www.jourlib.org/references/5588026
http://www.jourlib.org/references/5588026
http://dx.doi.org/10.1371/journal.pone.0040157
http://dx.doi.org/10.1016/0092-8674(78)90099-5
http://dx.doi.org/10.1158/1535-7163.MCT-05-0515
http://dx.doi.org/10.4172/2157-7412.1000139


Use of Bacteria in Cancer Therapy

Pooja Sarotra and Bikash Medhi

Abstract
Cancer is one of the most dreaded diseases in humans and most common cause
of death in twenty-first century. New cancer therapies are urgently required
because of the existing pharmacological side effects of the conventional
chemotherapy, radiation, or surgery. Newer modalities such as cancer vaccines
and biological therapies are proving very helpful in the treatment of cancer along
with the conventional therapies. The success of these novel cancer therapies is
attributed to their lesser toxicity and the specific killing of the cancer cells.
Bacterial therapy for cancer has been recognized a century ago. Live, attenuated,
or genetically modified obligate or facultative anaerobic bacterial species exhibit
the inherent property of colonizing the tumors and are capable of multiplying
selectively inside the tumors, thereby inhibiting cancerous growths. The bacteria
and their spores are used in the target specific therapies, delivering the prodrugs
and the various proteins to the tumors. Albeit bacterial treatment of cancer is
providing new perspective in the treatment of disease, the use of microorganisms
to target tumors has certain confinements. The biosafety, genetic instability and
the confounded interaction of the bacteria with treatment drugs, requires the
more noteworthy consideration regarding the use of this novel treatment in the
cancer treatment.
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1 Background

Cancer can be defined as biomedically complicated group of diseases resulting
partly from the mutations of genes that control the cell growth and behavior and
partly due to the interactions of cellular stresses and the genetic changes inflicted
from specific environmental factors.

Hanahan and Weinberg suggested in 2000 in their famous review “The hall-
marks of cancer” human tumors display six common features: self-sufficiency in
growth signals, avoidance of programmed cell death (apoptosis), insensitivity to
growth-inhibitory signals, infinite growth potential, sustained blood vessel forma-
tion (angiogenesis), and tissue invasion and spread to other sites (metastasis). There
have been new additions to these features such as chromosome abnormalities,
abnormal metabolic pathways, and evasion of the immune system and inflammation
Hanahan and Weinberg (2011). Most types of cancer cells eventually outgrow to
form a lump or mass called as tumor and the nomenclature of the cancer type is
based on the origin of tumor from the respective body part.

Cancer is one of the dreaded diseases of the century killing millions all over the
world. It is currently the cause of 12 % of all deaths worldwide. By 2030, it is
projected that there will be 26 million new cancer cases and 17 million cancer
deaths per year. The management of the disease is different, based on the stages and
the origin of the cancer. The conventional therapies such as chemotherapy, surgical
resection, targeted therapy, immunotherapy, hormonal therapy, and radiotherapy
have been proved to be effective with pharmacological side effects. However,
resistant tumors have shown to metastases the organs in the cancer patients and
conventional therapies become ineffective. Hence, novel therapies are required that
may be supplemented to the conventional therapies or by itself prove to be a cure
for the disease.

1.1 History of the Usage of the Bacteria in Cancer

German physicians, Busch and Fehleisen, have used bacteria as an anticancer agent
around 150 years ago. They have observed that accidental skin infections (erysi-
pelas) caused by Streptococcus pyogenes were able to regress the tumors of
patients. Twenty years later, American Physician, William Coley, noticed that the
patient diagnosed with neck cancer recovered due to the infection of erysipelas. He
conducted experimentation and hence documented the proof that several patients
with end-stage cancers exhibited the tumor regression after infecting with killed
bacterial species S. pyogenes and Serrati amarcescens. The earlier success of Coley
toxins has paved the current ground for the advances in the bacterial therapy in
cancer.

In 1935, Connell observed tumor regression with sterile filtrates having enzymes
from Clostridium histolyticum in metastatic cancer. Nevertheless, this field was
stagnant due to increased deaths by bacterial infections as well as other drawbacks.
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The revolution for the utilization of microscopic bacterial organisms was given by
Morales, Eidinger, and Bruce. The group has reported fruitful treatment of bladder
cancer with Bacillus Calmette–Guérin (BCG) (Patyar et al. 2010).

2 Tumor Targeting Bacteria

Bacterial genomes are very simple. These can be easily manipulated and amplified.
The recombinant biology is successful because of the easy proliferation of the
bacteria and of low maintenance cost. Certain anaerobic bacteria can grow easily in
the oxygen-deprived condition of the tumors. There is an environment of increased
vasculature with metabolic by-products and inflammation associated with the tumor
growths, and the anaerobes can easily survive such conditions and hence can easily
destroy the tumor. An approach to the synthetic biology could be used to enhance
target specificity and efficacy with lessened toxicity. Numerous genera of bacteria
such as Salmonella, Escherichia, Clostridium, Bifidobacterium, Caulobacter, Lis-
teria, Proteus, and Streptococcus have been investigated for anticancerous prop-
erties over the past century. Some of the bacteria can naturally colonize the tumors
with inherent tumor targeting ability. Gram-positive anaerobes, for example Bifi-
dobacteria and Clostridia, can colonize the oxygen-deficient areas within the
necrotic and/or hypoxic areas of tumors, whereas Gram-negative facultative
anaerobes, for example Salmonella, can invade and grow inside as well as outside
the tumors.

Initial experimental studies with the pathogenic species of anaerobic clostridia
have shown the preferential proliferation within the tumors along with acute toxicity
and death of the animals. These studies led to shift the focus on the non-pathogenic
Clostridium strains despite lesser success in tumor regression. Clostridium novyi has
exhibited a significant success in reducing the tumor. C. novyi-NT has been atten-
uated after deleting the gene coding for the lethal toxin and has been successfully
used for tumor regressions. Recent study by Roberts et al. (2014) has shown that
injecting the C. novyi spores into the tumors of dogs has demonstrated the tumors
shrank or disappeared. The study was extended to the clinical trial showing the
disintegration of the tumor.

Frahm et al. (2015) have genetically manipulated the Salmonella as a part of a
cancer therapy. They modified the lipopolysaccharide structure (LPS) that induces
sepsis and made the bacteria less harmful. The introduction of the arabinose pro-
moter inside the bacteria helped in the effective colonizing of bacteria in the tumors.
There was transition of the salmonella that can grow every hour inside the tumor
and was able to kill the cancer cells in the mice.

In 2010, Forbes proposed a model of smart bacteria that can specifically target
tumors, self-propelling, produce the cytotoxic molecules, steers toward
chemo-attractants Forbes (2010). Through the careful tuning of the bacterial phages,
Forbes gave the concept of the perfect bacteria or robot factory for the cancer therapy.
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3 Expression of Anticancerous Agents

The simple genomes of bacteria can be genetically engineered to express anticancer
agents to increase the efficacy. Bacterial vectors display the ability to carry, make,
and deliver anticancer agents in the form of drugs, therapeutic DNA, microRNA,
shRNA, siRNA, cytotoxic agents, antiangiogenic agents, and specific enzymes that
convert prodrugs into anticancer drugs. Bacteria have its own complete complement
of the genetic machinery and hence, capable of making and delivering the
macromolecules at the specific targets. This phenomenon has been demonstrated
envisaging the direct expression of the anti-tumor proteins and transfecting the
cancerous cells with eukaryotic expression vectors (Table 1).

In the direct expression, the main anticancer therapies that can be categorized are
the expression of the proteins that can kill the tumor cells; expression of cytotoxic
agents; expression of antiangiogenic agents; and expression of the enzymes that can
catalyze the conversion of the non-functional prodrug to an activated anticancer

Table 1 Bacterial strategies for cancer therapy

Strategies Genus

Tumoricidal agent Live, attenuated, genetically
engineered

Salmonella, Escherichia,
Clostridium, Bifidobacterium,
Caulobacter, Listeria, Proteus,
Streptococcus

Expressing
anticancer agents as
recombinant
bacteria

Cytotoxic: cytolysin A, tNFa,
TRAIL, FASL
Cytokines: IL-2, IL-12, IL-10
Anti-angiogenic agents:
Endostatin
Enzymes for prodrugs
conversion: Herpes simplex virus
thymidine kinase (HSV-TK) with
ganciclovir (GCV), cytosine
deaminase (CD) of E. coli with
5-fluorocytosine (5-FC),
cytochrome P450 with
cyclophosphamide/ifosfamide
(CPA/IFA), and nitroreductase
with CB1954
Gene silencing: siRNA

Lactococcus, Streptococcus,
Bifidobacterium, Escherichia,
Salmonella, Clostridia

Bacterial oncolytic
therapy

Bacterial spores Clostridium, Escherichia

Bacteria as
immunotherapeutic
agents

Expressing antigen DNA vaccines Salmonella, Bifidobacterium,
Escherichia,

Bacterial toxins Protein toxins inhibiting cellular
processes

Campylobacter, Helicobacter,
Pseudomonas, Stapylococcus,
Bordetella
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drug. Other mechanisms involving the transfer of the eukaryotic expression vectors
into cancerous cells, expression of the gene-silencing siRNAs, cytokines, tumor
antigen that can inflict the trigger of the immune system have also been investi-
gated. The new strategies for the expression of various anti-tumor agents are
increasing due to the development in the system biology and recent advances in
metagenomics.

3.1 Recombinant Bacteria

The genetic engineering techniques have exhibited the insertion of the plasmid
vectors that can be encoded as proteins in the form of antigens, anti-bodies,
cytokines, and enzymes. The expression can be changed by introducing the pro-
moters into live bacteria. Those nonpathogenic bacteria are termed as GRAS
(‘generally regarded as safe’) bacteria. Lactococcus lactis has been engineered
widely for protein production. In phase I clinical trial, L. lactis has been used for the
delivery of the anti-inflammatory cytokine interleukin-10 (IL-10) to intestinal
mucosa as a treatment module in the patients suffering from inflammatory bowel
disease (Yoo et al. 2011). The commensals, for example, Streptococcus gordonii,
have a capability to colonize mucosal surfaces in the oral, nasal, and vaginal cavity.
It has been engineered to act as a vehicle for the production and delivery of
biologically active proteins.

Bacteria have likewise been effectively utilized as the vehicle carrying the
vectors that can express the RNA interference (RNAi) for the disease treatment.
Salmonella strains have been engineered to deliver plasmid siRNA to tumors and
smother in vivo tumor growth. The recombinant strains have siRNAs for silencing
the multidrug-resistant genes and act as signal transducers. Few strains have acti-
vator of transcription-specific siRNAs to inhibit the growth of the tumor. Another
bacterium, Escherichia coli, has been engineered to carry vector with siRNAs and
has been the successful model (in vitro and in vivo) of gene silencing in human
colon cancer. It has been reported that expression of transkingdom RNAi plasmid
encodes proteins such as invasion for cellular internalization, listeriolysin O for
endosomal escape, and short hairpin RNA against the cancer gene, catenin b1.

In the preclinical models, Salmonella typhimurium has been engineered to
express interleukin-2 (IL-2) for the treatment of liver tumors. Cytokine IL-2 has the
prestige of extensively studied bacterially delivered cytokine. The study has shown
that oral administration of Salmonella expressing IL-2 can function prophylactically
and prevents tumor formation. However, there is a limited success with these
microbes due to the systemic toxicities.

VNP20009 has been engineered to express therapeutic proteins, such as TNF-a
and platelet factor 4 fragment. S. typhimurium, (SL3261) an auxotroph, has been
engineered to the introduction of cytomegalovirus (CMV) promoter controlling the
expression of the cloned genes ofhIL-12, hGM-CSF, mIL-12, and mGM-CSF. In
the mice models bearing Lewis lung carcinomas, oral administration of Salmonella
expressing mGM-CSF or mGM-CSF plus mIL-12 has shown significant tumor
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regression. Clostridium acetobutylicum has been engineered to express functional
TNF-a and has been reported to kill cancerous cells through apoptosis in
adenocarcinomas.

3.2 Bacterial Directed Enzyme Prodrug Therapy

This technique beats the inadmissible adverse effects of bacterial treatment and
utilizes anaerobic bacteria transformed with an enzyme capable of converting a
non-poisonous prodrug into a toxic medication for tumors. In the enzyme prodrug
system, bacteria can multiply in the necrotic and hypoxic parts of the tumor, thereby
exclusively expressing drug-activating enzyme in the tumor. A nontoxic prodrug is
administered systemically which can act as a substrate of the exogenous enzyme and
is metabolized to the lethal medication for a tumor. A few enzyme/prodrug systems
are accessible. The most extensively studied pairs are herpes simplex virus thymi-
dine kinase (HSV-TK) with ganciclovir (GCV), cytosine deaminase (CD) of E. coli
with 5-fluorocytosine (5-FC), cytochrome P450 with cyclophosphamide/ifosfamide
(CPA/IFA), and nitroreductase with CB1954 (Lehouritis et al. 2013).

CD-5FC system is the well-studied enzyme of gene directed enzyme prodrug
therapy. It catalyzes the deamination of cytosine into uracil and has been studied as
a member of the pyrimidine nucleotide salvage pathway. It has the focus on only
one prodrug, 5-FC. The wide use of the 5-FU in the chemotherapy has shown
various adverse events because of the high dosage. The CD converts the 5-FC into
5-FU and toxicity is directed only to the tumor cells. The resulted 5-FU can be
further converted by cellular enzymes into potent pyrimidine antimetabolites that
can trigger the death of the cancerous cells. CD/5-FC therapy has been studied in a
wide variety of in vitro and in vivo animal models of cancers. It has been shown
that MDA-MB-231 breast carcinoma cells transfected with E. coli CD were
1000-fold more sensitive to 5-FC in comparison with the control. CD can be
effectively cloned and expressed in the Clostridium, and expression was improved
altogether by the vascular focusing on operators (combretastatin A-4 phosphate).
This improvement might be because of the extension of the expression in the
necrotic range inside the tumors.

Various clinical trials using CD/5-FC system have reported limited success.
A phase I clinical trial conducted for patients with breast cancer has shown safety
with significant levels of erB-2 suicide gene expression by the use of the
tumor-specific erbB-2 promoter. As of now, there are three clinical trials in pro-
gress. One is for treatment of recurrent high-grade glioma (NCT01172964),
whereas two others are for solid tumors (NCT01562626) and for malignant brain
tumor (NCT01470794) (Zhang et al. 2015).

Nitroreductases (NR) metabolize aromatic nitrogroups to hydroxylamines by
generating massive electronic change that causes cytotoxicity. It is oxygen-
insensitive flavin-mononucleotide nitroreductase found in E. coli. The most suc-
cessful prodrug used for therapy in conjunction with nitroreductase is
5-aziridinyl-2,4-dinitrobenzamide (CB 1954, or Prolarix), which is the prototype of
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the dinitrobenzamide family of prodrugs. The metabolites of CB1954 are potent
alkylating agents, which kill both dividing and non-diving tumor cells. The
metabolites are highly cell-permeable which showed a strong bystander effect for
killing the adjacent tumor cells. The efficacy of this NR-CB1954 system has been
demonstrated in a few clinical trials for treatment of liver and prostate cancers.

There have been clinical trials with the use of the Salmonella vector having
expression of NR and CD in the diseased patients. S. typhimurium having
VNP20009 vector has been engineered to E. coli CD for TAPET (Tumor Amplified
Protein Expression Therapy). Although there is clinical safety of S. typhimurium as
shown in the phase I trial, there is little effect on the recurrence of the cancer in the
human trials. Nonetheless, there is still cause for optimism with further improve-
ments in genetic technologies for the species (Liu et al. 2014).

4 Bacterial Oncolytic Therapy

The oncolytic approach for the cancer treatment utilizes the competent bacteria with
replicative behavior in the tumor tissues the bacteria can replicate and kill the
tumor. Therapeutic trials involving Clostridium spores rely on the oncolytic activity
of the bacteria. Administration of the clostridia spores through intravenous pathway
produces oncolytic effects in the preclinical and the clinical studies. Marked lysis
was observed with the C. histolyticum spores and with the spores of Clostridium
sporogenes.

The use of the spores of the anaerobic bacteria has greater advantage in the
bacterial therapy in cancer, as these spores can survive the hypoxia and the necrosis
conditions of the tumor. The spores become viable in the tumor microenvironment
and hence can proliferate in the tumor. After the lysis of the tumor, these bacteria
cannot survive the oxygen-rich environment; therefore, these are the best surgical
scissors for the tumor treatment with less toxicity and complete destruction of the
tumor cells.

There is requirement of the genetic engineering of the clostridium species with
repetitive screens to enhance the colonization of the tumor. Various recombinant
strains such as Clostridium oncolyticum, Clostridium beijerinckii (acetobutylicum),
Clostridium tetani, C. oncolyticum (sporogenes), and C. novyi–NT have been uti-
lized for the tumor treatment.

Bacterial spores have additionally been exploited as delivery agents for cytotoxic
peptides, anticancer agents, therapeutic proteins as well as vectors for gene therapy.
It has also been shown that S. typhimurium A1 strain can grow easily in prostate
cancer cells and kill the cancer cells by nuclear destruction and cell death. Hence,
this property of replication and finally colonization produces minimum toxicity.
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5 Bacterial Toxins

Toxins have been used for the cancer treatment since time immemorial. Bacterial
toxins inhibit the protein synthesis by ADP ribosylation of elongation factor 2. The
bacterial toxins have greater impact on the cellular processes controlling growth,
proliferation, apoptosis, and differentiation. Bacterial toxins are capable of binding
with the cell surface antigen, thereby generating the immune response (Rosadi et al.
2016). Diphtheria toxin (DT) binds to the surface of cells expressing the
heparin-binding epidermal growth factors such as growth factor (HB-EGF) pre-
cursor forming DT-HB-EGF. Endocytosis of this DT-HB-EGF through clathrin-
vesicles prompts several posttranslational modifications resulting in a catalytically
active toxin, called DT fragment A. DT fragment A can ribosylate EF-2 leading to
halting of protein synthesis with subsequent cell lysis and/or induction of apoptosis
(Frankel et al. 2001). Similarly, Pseudomonas exotoxin (PE) A is also known to
catalytically ribosylate EF-2 and hence inhibits protein synthesis. It has been shown
in the mice that i.v. injection of 0.3 lg of this toxin has lethal cytotoxicity, thereby
making it a potential contender for the targeted cancer therapy.

Clostridium perfringens enterotoxin (CPE) produced by C. perfringens type A
strain causes gastroenteritis. The C terminal domain of endotoxin has high affinity
binding to the CPE receptor (CPE-R) and the N-terminal domain causes cytotox-
icity. It has been demonstrated that purified endotoxin can kill colon, breast, gastric,
and pancreatic tumor cells. Cholera toxins have also been shown to be cytotoxic.
Some bacterial toxins (alfa-toxins from Stapylococcus aureus, AC-toxin from
Bordetella pertussis, and shiga like toxins) are being investigated in the cancer cell
lines. These toxins have shown an increased cytotoxicity and triggering apoptosis.
It has been reported that Botulinum neurotoxin (BoNT) has the capability of
opening tumor vessels. It can be used for enhancing the effects of the radiotherapy
and chemotherapy on the cancer cells. BoNT effect on the tumor microenvironment
shows the indirect action for the cytotoxic effect.

Bacterial toxins may be ideal for the fusing with the ligands because these are
expressed in the bacteria as single chains with binding domains that can be
exchanged for a ligand in the tumor. This strategy can be completed by deliberately
eliminating the binding to the toxin receptors by conjugation with cell-binding
proteins (monoclonal antibodies or growth factors) that can selectively kill cancer
cells. A wide variety of ligands such as IL-3, IL-4, G-CSF, transferrin, EGF, and
vascular endothelial growth factor (VEGF) have been conjugated to DT to study the
effect on the tumors. There have been clinical trials involving transferrin-DT
conjugate (Tf-CRM) and DT-EGF inpatients of brain tumor and metastatic carci-
nomas, respectively. Similarly, various antibodies and ligands have been conju-
gated to PE. Conjugation of IL-4, IL-13, monoclonal antibody-recognizing a
carbohydrate antigen Lewis Y, (Mab B3), and transforming growth factor (TGF-a)
to PE has been studied in the clinical trials.
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6 Bacteria as Immunotherapeutic Agents

Immune system is the defense of life. Immune therapy is an effective and emerging
strategy for cancer treatment. Immunology concentrates on the killing of tumor cells
through direct or indirect attack of the effector immune cells; B cells with antibody
production, T cells, Natural Killer cells, dendritic cells. Malignant tissues have the
system to evade the immune system. An insight into the regulation of processes leads
to immune-based therapies for cancer. To evade the immune system, tumor cells can
secrete various cytokines that evade the immune system. Bacteria can be utilized for
the production of immune-upregulating cytokines that can attract the lymphocytes
(Nelson et al. 2015). It has been demonstrated that attenuated S. typhimurium can
infect the cancerous cells in several murine trials triggering immune response. There
was significant tumor reduction due to local bacterial expression or expression of
immune-stimulating molecules IL-18, Fas ligand. It has also been reported that
IL-2-encoding Salmonella organisms have shown better suppression of the tumors
than the wild types. Preclinical studies with Bifidobacteria expressing granulocyte
colony-stimulating factor (GCSF) resulted in superior anti-tumor effects. The
immune response resulted in the killings of the tumor cells.

Another strategy is the use of DNA vaccines that helps to sensitize the immune
system for the specific antigen expressed by tumor cells. DNA vaccines have shown
significant efficacy in preclinical and clinical trials. The tumor antigenic DNA is
introduced into the bacteria such as Salmonella and Listeria that is specifically
expressed and triggered the immune cells, thereby showing immunity in the animal
models. Vaccination strategies stimulate the required response by generating
enhanced immune reaction for the tumor. Bacteria that can raise the immune
response by them have been the ideal candidate for the delivery of DNA vaccines.

Attenuated S. typhimurium introduced with human tumor endothelial marker 8
(TEM8) DNA gene has been reported to generate CD8 cytotoxic T-cell response in
the animal models. Salmonella is taken up by the monocytes in the intestine for
lysis and for the relaese of the vector thereby triggering the immune reaction.
A recombinant strain of attenuated S. typhimurium expressing a gene encoding
LIGHT has been reported to inhibit the growth of primary tumors in mouse models
with lesser toxicity (Ruan et al. 2009).

Systemic administration of C. novyi-NT spores has elicited the inflammation and
the leukocytosis by expressing various cytokines such as IL-6, IL-2, and GS-CSF.
These cytokines can further attract the neutrophils. Inflammation leads to the
production of the reactive oxygen species, thereby producing the oxidative stress
and killing of tumors.

Attenuated and live strains of Listeria have been used for expressing a broad
range of tumor antigens. The expressions of the oncogenes such as Her-2/neu,
Melanoma Associated Antigen, and PSA, have helped in the enhanced immune
response. A vaccine strain of Listeria monocytogenes (Lm-NP) with the nucleo-
protein (NP) from influenza strain A/PR8/34 has shown the regression of tumors.
Patients suffering from metastatic cervical cancer have been intravenously
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administrated with attenuated L. monocytogenes expressing HPV16 E7 in phase I
clinical trial. There was 30 % tumor reduction in the overall survival with some
flu-like symptoms and fever-related hypertension in some patients. This successful
trial has shown the safety and efficacy of Listeria vectors in cancer patients (Wood
et al. 2008). Another successful story is related to the bovis Bacillus
Calmette-Guérin (BCG-CWS). The cell wall skeleton of the Mycobacterium has
been used for enhancing the immune system in the cancer patients. BCG/CWS has
also been known for the radio sensitizing effect on colon cancer cells through the
induction of autophagic cell death. The results were promising for in vitro and
in vivo studies. Hence, (BCG-CWS) can be therapeutic strategy for enhancing
immune response with the promising lesser toxicity with non-virulent bacteria. BCG
the most successful bacterial agent so far is used specifically for the treatment of
superficial bladder cancer. It has been reported that tumor cells can be killed by
preventing the new blood vessel formation of the cutting of the nutrient supply. The
transfer of the anti-angiogenic genes endostatin and thrombospondin can thereby
easily kill tumors. Transfer of endostatin from Salmonella has shown the reduced
microvessel density, diminished vascular endothelial growth factor (VEGF)
expression, and slowed tumor growth in mice. However, there was minimal effect on
direct administration of endostatin to patients. Similar strategies have been used for
the reduction of tumor growth using genes encoding for TRAIL, SMAC, and FASL.

7 Bacteria in Combination Therapy

The use of the bacteria or the specifically engineered bacteria along with the con-
ventional therapies is termed as combination bacteriolytic therapy (COBALT).
Conventional chemotherapeutic agents such as docetaxel, mitomycin C, vinorelbine,
and dolastatin-10 have been supplemented with C. novyi-NT spores. It has shown
significant anti-tumor properties with serious adverse reactions. C. novyi has also
been investigated into combination with other conventional modalities such as
radiotherapy and radioimmunotherapy in the experimental tumor models with the
progressive results. It has the potential of combined multi-modality approaches to
future cancer therapies. Due to the membrane-disrupting property of theC. novyi-NT,
it has been exploited to enhance the release of liposome-encapsulated drugs within
tumors. This strain has also been used in combination with anti-microtubule agents,
thereby decreasing the vascularized regions and enhancing the effects of the drugs.

8 Conclusions and Future Perspective

Bacterial therapy has shown a greater promise in the intense and the diverse field of
cancer treatment due to its potential to regress the tumor completely and its ability
to deliver the therapeutic products. Bacteria have been investigated by various
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means for the cancer treatment modalities. Live or attenuated bacteria with different
vectors have emerged as potential strategies for the cancer management. The
genetically engineered microbes have shown the lesser toxicity for the normal cells
and better efficacy for the treatment. Bacteria have been engineered to carry the
plasmids having the gene of interest that can be directed to the tumors. These
alterations produce the mutant strain that has the capacity to express the anticancer
agents. Attenuated Salmonella with VNP20009 and TAPET-CD have been
investigated successfully in phase I clinical trials in cancer patients. Facultative
anaerobes have shown to be colonizing the tumors by complex mechanisms but
showing greater efficacy. Bacterial therapy in combination with the conventional
modalities has shown the better efficacy of the treatment as well as better quality of
life for the patients suffering from spectrum of cancer. Bioengineering of bacteria
can be helpful in creating a new modality for the cancer therapy. There is a need for
the new investigations to study the better use of the bacteria in the cancer treatment.
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