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Abstract

Gene therapy manipulates or modifies a gene that provides a new cellular function to treat or correct a pathologi-

cal condition, such as cancer. The approach of using gene manipulation to modify patient’s cells to improve cancer
therapy and potentially find a cure is gaining popularity. Currently, there are 12 gene therapy products approved by
US-FDA, EMA and CFDA for cancer management, these include Rexin-G, Gendicine, Oncorine, Provange among other.
The Radiation Biology Research group at Henry Ford Health has been actively developing gene therapy approaches
for improving clinical outcome in cancer patients. The team was the first to test a replication-competent oncolytic
virus armed with a therapeutic gene in humans, to combine this approach with radiation in humans, and to image
replication-competent adenoviral gene expression/activity in humans. The adenoviral gene therapy products devel-
oped at Henry Ford Health have been evaluated in more than 6 preclinical studies and evaluated in 9 investigator ini-
tiated clinical trials treating more than100 patients. Two phase | clinical trials are currently following patients long term
and a phase | trial for recurrent glioma was initiated in November 2022. This systematic review provides an overview
of gene therapy approaches and products employed for treating cancer patients including the products developed at
Henry Ford Health.
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Gene therapy for cancer biological properties for therapeutic use” There are sev-
Introduction eral approaches to gene therapy. The most common
U.S. Food and Drug Administration defines gene therapy  approach is the replacement of a non-functional gene by
“as a technique to modify the host genes, or manipu- insertion of a normal gene within the genome at a non-
late the expression of a gene, or change the host cell specific site [1]. Mutated, defective genes that cause dis-
ease can be silenced or healthy genes that help prevent
disease could be turned on via gene editing [2]. Other
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i:yysm g%?}i‘s org with a normal gene via homologous recombination,
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2 College of Human Medicine, Michigan State University, East Lansing, Ml [3] Recent advancement in gene therap also involves the
48824, USA : g y

introduction of genes in the patient’s cells are not missing

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41231-023-00144-w&domain=pdf
http://orcid.org/0000-0002-1435-303X

Thoidingjam et al. Translational Medicine Communications

but genes that offer therapeutic benefits [2]. Recently,
gene therapy has made significant strides in cancer treat-
ment, largely due to the advancement in the gene delivery
techniques and vehicles (vectors), cargo that can be deliv-
ered, interaction of the host system to the vectors and
the combined effect of the cargo with other therapeutic
approaches [2, 4, 5].

Throughout history, infectious diseases such as severe
acute respiratory syndrome coronavirus (SARS-CoV),
plague, cholera and flu have had a major negative impact
on human health. In modern times, infectious disease
vectors have been reengineered to exploit their abil-
ity to infect human cells to correct or treat human dis-
ease. Cancer gene therapy has developed from strategies
against monogenic conditions and diseases such as
sickle-cell anemia, neuro- muscular disease and inherited
blindness [6, 7]. A non-exhaustive list of clinical trials
that utilize divergent gene therapy approaches for cancer
treatment are presented in Table 1. Commonly used anti-
cancer gene therapy strategies are immunotherapy, gene
silencing, oncolytic virotherapy, gene directed-enzyme
prodrug therapy (i.e. suicide gene therapy), among others
[8]. Success of clinical studies led to approval of numer-
ous gene therapy products for cancer treatment (Table 2).
Herein we review some of the gene therapy approaches
and gene therapy products, with special focus on onc-
olytic virus-based suicide gene therapy for cancer
treatment.

Immunotherapy

One gene therapy strategy is to utilize genetically modi-
fied viral particles (vp) to activate the immune system to
kill cancer cells. Cell-therapy, on the other hand utilizes
modified cells (autologous or allogenic) to detect and
kill cancer cells. Second and third generation vaccines
for several cancers such as lung, prostate, pancreatic and
malignant melanoma have shown encouraging results
in recent clinical trials [9]. Chimeric Antigen Receptor
(CAR) T-cell therapy, CART has been used for the man-
agement of leukemia (both myeloid and lymphoid) and
shown promising results [10-13]. (CAR) T-cell therapy
is a type of immunotherapy that utilizes a patient’s own
T-cells (cell therapy) modified to express a chimeric
T-cell receptor (TCR) that can recognize antigens on
cancer cells and subsequently lyse the cells [14-16]. This
strategy utilizes the antigen binding ability of monoclonal
antibodies (mAb) and the lytic and self-renewal capacity
of T-cells [17, 18]. The TCR consists of an extracellular
non-self antigen recognition domain of a mAb and an
intracellular TCR derived stimulatory domain [9]. Rec-
ognition of target antigens induce stimulation/activa-
tion of CAR T-cells which can kill cancer cells directly or
by enhancing the secretion of immune modulators like
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cytokines, interleukins, and growth factors [15]. Some
of the currently approved CAR T-cell therapies-based
gene therapy products are Kymriah (Tisagenlecleucel)
[NCT02445248, NCT02435849] [19, 20] and Yescarta
(Axicabtagene Ciloleucel) [NCT02348216] [21, 22]. Kym-
riah (Table 2) was the first CAR T-cell therapy-based
product to be approved for use in relapsed B-cell acute
lymphoblastic leukemia [23]. T-cells from patients are
modified to encode a CAR consisting of an extracellular
domain specific for CD19, a transmembrane hinge, and
an intracellular CD3 domain [5, 24]. Kymriah approach
binds to the surface antigen CD19 found on diffuse large
B-cell lymphoma (DLBCL) and other B-cell lymphomas
to initiate an antitumor response [25]. Phase II clinical
trials in patients with refractory DLBCL showed high
response rates [26]. A similar approach is utilized by
Yescarta which has been used to treat aggressive non-
Hodgkin lymphoma management [27]. Patient T-cells
are modified to recognize CD19 antigen on cancer cells
by infecting with a gamma-retrovirus [28]. The CAR
consists of an extracellular CD19 binding domain and a
cytoplasmic domain with CD28 and CD3-zeta co-stim-
ulatory domains [28, 29]. Despite challenges, the future
use of CAR T-cell therapy for improved cancer outcomes
is promising [30, 31].

Gene silencing

Gene silencing refers to the inactivation of a gene to
prevent expression of their products, when used clini-
cally it is with therapeutic intent [32]. In cancer therapy,
gene silencing is achieved by knockdown of target genes
in tumor cells using RNA interference (RNAi) or clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR- associated protein (Cas) gene editing
[33]. RNAi employs non-coding RNAs (ncRNAs), micro-
RNA (miRNA), small Interfering RNA (siRNA) and short
hairpin RNA (shRNA) to degrade and cleave the mRNA
before translation [34]. Examples of siRNA delivery sys-
tems in clinical trials are CALAA-01 for use in malignant
melanoma, and ALN-VSPOI for use in liver cancer and
solid tumors patients [35]. The two-component CRISPR/
Cas system has become an important genome edit-
ing tool for cancer cell and gene therapy and has been
used in many clinical trials for cancer [36-45]. Some of
the potential targets for gene silencing in cancer cells
are mutated tumor suppressor genes, oncogenes, genes
involved in cancer progression, and drug-resistance. The
gene silencing approach is associated with fewer side
effects compared to conventional chemotherapy since the
target genes are selectively silenced [46]. Gene silencing
studies using animals to target important cell cycle pro-
teins by siRNA have demonstrated the proof-of-concept
antitumor effect [47]. Phase I trials for pancreatic cancer
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Table 2 Currently approved Gene Therapy Products for Cancer treatment

Tradename Proper Name Approved on Approval agency Marketing-authorisation Indication/ Therapeutic
holder area
REXIN-G Retroviral Expression September 2003  U.S. Food & Drug Adminis-  Epeius Biotechnologies Metastatic cancers
Vectors Bearing Inhibitory tration (US-FDA)
Genes
GENDICINE Recombinant human p53  October 2003 China State Food & Drug Shenzhen SiBiono Head and neck cancer
oncolytic adenovirus Administration (CFDA) GeneTech
ONCORINE Recombinant Human November 2005  China State Food & Drug Shanghai Sunway Biotech  Head and neck and esopha-
Adenovirus Type 5 Injec- Administration (CFDA) gus cancer, Nasopharyngeal
tion cancer, etc
PROVENGE Sipuleucel-T April 2010 U.S. Food & Drug Adminis-  Dendreon Corporation Treatment of metastatic
tration (US-FDA) castrate resistant (hormone
refractory) prostate cancer
IMLYGIC Talimogene laherparepvec  December 2015  European Medicines Amgen Europe BV Melanoma
December 2021  Agency (EMA)
U.S. Food & Drug Adminis-
tration (US-FDA)
KYMRIAH Tisagenlecleucel August 2017 U.S. Food & Drug Adminis-  Novartis Pharmaceuticals  Relapsed B-cell acute
August 2018 tration (US-FDA) Corporation lymphoblastic leukemia
European Medicines
Agency (EMA)
YESCARTA Axicabtagene ciloleucel October 2017 U.S. Food & Drug Adminis-  Kite Pharma EU B.V,, NL Relapsed or refractory large
August 2018 tration (US-FDA) B-cell lymphoma
European Medicines
Agency (EMA)
TECARTUS Brexucabtagene autoleucel July 2020 U.S. Food & Drug Adminis-  Kite Pharma EU B.V,, NL Relapsed or refractory
December 2020 tration (US-FDA) mantle cell lymphoma (MCL)
European Medicines or B-cell precursor acute
Agency (EMA) lymphoblastic leukemia (ALL)
BREYANZI Lisocabtagene maraleucel  February 2021 U.S. Food & Drug Adminis-  Juno Therapeutics, Inc Relapsed or refractory large
tration (US-FDA) B-cell lymphoma
ABECMA |decabtagene vicleucel March 2021 US. Food & Drug Admin-  Celgene Corporation Relapsed or refractory multi-
istration (US-FDA) and ple myeloma
European Medicines
Agency (EMA)
CARVYKTI Ciltacabtagene autoleucel  February 2022 U.S. Food & Drug Adminis-  Janssen Biotech, Inc Relapsed or refractory multi-
tration (US-FDA) ple myeloma
ADSTILADRIN  nadofaragene firadenovec- December 2022  U.S. Food & Drug Adminis-  Ferring Pharmaceuticals High-risk Bacillus Calmette-

vncg

tration (US-FDA) A/S

Guérin (BCG)-unresponsive
non-muscle invasive bladder
cancer (NMIBQC)

and liver cancer therapy using liposomal siRNA formula-
tions are currently underway [48].

Oncolytic virotherapy

Oncolytic virotherapy (OV) is an emerging treatment
modality in cancer therapy [49-51]. The approach holds
potential for metastatic cancers with promising results
shown by several vectors in phase I trials [52]. Onco-
lytic or cancer-killing viruses are used in OV. These are
defined as natural or genetically engineered viruses that
can replicate selectivity in cancer cells (oncotropic) with-
out damaging normal cells [49, 53, 54]. The mechanism of
cancer cell killing by OV is illustrated in Fig. 1. Detailed
mechanism is described by Li et. al,, [55]. Viruses have

unique properties that can be exploited for OV. Viruses
have specificity for certain types of cells/cell receptors
[56] such as an epithelial or neural cell, and they can also
replicate in the host cell to self-amplify [57]. Thus, the
need to infect every target cell at the time of treatment is
eliminated. OV can exert anti-tumor effect in two ways;
by infecting the cells directly, replicating inside and lysing
them or by activating the immune system [58]. Oncolytic
viruses carrying a gene of interest infect and introduce
the exogenous genes into cells that otherwise lack them.
Oncolytic viruses proliferate in the cancer cells to cause
overwhelming viral infection and lysis which destroys
the cancer cells. Lysis also leads to the release of the vp
which infect nearby cells and metastases at distant sites
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pathways, that lead to enhanced cancer cell-killing when combined with cytotoxic chemotherapy or radiotherapy

in the body. The immune system is also activated due
to the viral infection, leading to unmasking of tumor
antigens, aiding the immune system in recognizing and
attacking neoplasms [57]. Thus, oncolytic viruses can be
used not only as a vector but also as an active cytotoxic
and inflammatory agent [59].

OV for gene therapy employs two different classes of
viruses (i) viruses that are naturally oncotropic, replicat-
ing preferentially in cancer cells or host cells with cancer-
related mutations. They are often sensitive to the innate
antiviral signaling or depend on host oncogenic signal-
ing pathways in making them non-pathogenic in humans
[60]. Most of the naturally occurring viruses have a tro-
pism towards tumors/tumor cells because cancer cells are
more adept than normal cells in avoiding immune sur-
veillance and destruction, resisting apoptosis and trans-
lational suppression [54]. Naturally occurring oncotropic
viruses thus replicate selectively in cancer cells without
damaging normal cells. Examples include Parvoviruses,
and Newcastle disease viruses. (ii) viruses that are geneti-
cally modified to confer oncolytic activity, improve the
safety, tumor-specificity, potency, and decrease virus
pathogenicity. The genes required for replication in

normal cells but not in cancer cells are modified in these
viruses so that they can replicate selectively in cancer
cells. Some examples are adenoviruses, herpes simplex
viruses (HSV), vesicular stomatitis viruses, vaccinia
viruses and measles viruses [60] which are currently
being tested in several clinical trials [61-64].

The adenoviruses are the most commonly used onco-
lytic viruses in gene therapy because of their tumor cell
lytic and immune stimulation capacity [65]. Adenoviruses
have non-enveloped icosahedral nucleocapsid and con-
tain a double stranded DNA. There are 3 subtypes of gene
products encoded by the ~36 kb length genome accord-
ing to the transcription start time i.e., early, middle, and
late stages. Among the various subtypes of adenoviruses,
adenoviruses serotype 5 (Ad5) is the most used subtype.
The recognition of specific surface receptors on tumor
cells by the oncolytic adenovirus, such as the coxsackie
and Ad receptor (CAR), causes their internalization into
the tumor cells [66]. The viral genome translocate into
the nucleus where the transcription of the early viral pro-
tein starts from the E1 region of the viral genome. The
binding of the protein to Rb causes release of E2F tran-
scription factor, resulting in the cell cycle activation and
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entry of the virus infected tumor cells into S phase. E2F
release also activates viral genes, resulting in production
of new virions that can infect more cells to lyse and pro-
duce more virions and continue the lytic cycle. The large
loading capacity of the adenovirus gives an added advan-
tage for loading therapeutic genes of interest [67]. While
the adenovirus is infecting and replicating inside the
tumor cells, the therapeutic genes are also continuously
replicated (when under the control of a promotor) and
expressed to bring about synergistic anti-tumor effect
[67]. Oncolytic adenoviruses as a single therapy have not
demonstrated a robust antitumor response in clinical tri-
als. In contrast, the combination of oncolytic adenovi-
ruses with other treatment modalities in cancer therapy
have shown encouraging results [35]. ONYX-015 is an
oncolytic adenovirus modified to replicate selectively in
cancer cells deficient in p53, thus lysing and killing them.
It was approved by the Chinese Food and Drug Admin-
istration in 2005 for use in refractory head and neck
cancer along with cisplatin. Its use in the management
of solid cancers has also being studied [68]. Ad5-D24,
CG@G7870, recombinant H103, KH901, OBP-301, and Ad5-
CD/TKrep are some of the other oncolytic adenoviruses
assessed for use in cancer gene therapy [35]. ORCA-010,
an oncolytic adenovirus serotype 5 (Ad5) is currently in
clinical trial for use in prostate adenocarcinoma patients
(phase I and II, first posted in September 2019, recruit-
ing, n=24) [69]. This trial, designed to evaluate the safety
and tolerability of oncolytic adenovirus in humans for
prostate cancer therapy, builds on the pioneering studies
at Henry Ford Health in the late 1990s and early 2000s
(described in detail below).

Some of the currently approved OV based gene therapy
products are Gendicine, Oncorine, Imlygic and Rexin-G
[5]. Among the viruses tested in preclinical trials, herpes-
virus, adenovirus, and vaccinia virus have demonstrated
favorable results [67]. In 2003, Gendicine (Ad5RSV-P53)
was the first approved gene product for Head and Neck
squamous cell carcinoma (HNSCC) [70]. This non-rep-
licative adenoviral vector restores the expression of p53
in p53 mutated tumor cells. The Adenovirus E1 gene is
replaced with the tumor suppressor p53 cDNA gene.
Tumor cells administered with Gendicine show p53
expression that induce the antitumor response by activat-
ing the apoptotic pathway and inhibiting repair of dam-
aged DNA and anti-apoptotic activity [71]. Records of
12 years of use of Gendicine in Head and Neck cancer in
more than thirty thousand patients and more than thirty
clinical trials have shown the exceptional safety profile,
and significantly higher response rates when Gendicine is
used in combination with chemotherapy or radiotherapy
compared to conventional therapies alone [72]. In addi-
tion to Head and Neck cancer, Gendicine combined with

(2023) 8:11

Page 9 of 21

chemotherapy or radiotherapy has also shown signifi-
cantly longer progression-free survival time than conven-
tional therapies alone in several other cancers [72].

Oncorine (rAd5-H101) was the first replicative, onco-
lytic recombinant adenovirus approved for use in treat-
ment of nasopharyngeal cancer. It was designed to
proliferate only in cancer cells and not normal cells. This
was done by knocking out the adenovirus E1B 55 K gene.
The gene product of E1B 55 K gene, E1B protein binds to
and degrades p53 transcription factors, thereby prevent-
ing apoptosis in cells. The inactivation of the gene inhib-
its viral proliferation in normal cells with functioning p53
gene, while in cancer cells with mutant p53, these viruses
replicate, package its genome, lyse the cell, and spread to
new cells [73].

Imlygic (Talimogene Laherparepvec) was approved
in 2015 in Europe for non-resectable metastatic mela-
noma. It is a genetically modified herpes simplex virus
1 (HSV-1) where both copies of the viral gene responsi-
ble for suppressing an immune response (ICP34.5) were
removed and replaced with human GM-CSFE. Imlygic lead
to apoptosis of tumor cell with enhancement in antigen
presentation and increased antitumor response [74].

Rexin-G (Mx-dnGl1) is a tumor targeted replication-
incompetent retroviral vector and the first injectable
vector to be approved for metastatic cancers. The retrovi-
rus bears a mutant cytocidal cyclin G1 gene, which is an
important component of the cell cycle pathways. It binds
to the abnormal signature proteins (SIG) in tumor cells
via a SIG-binding peptide, thereby increasing its concen-
tration in tumor cells. Once inside the cells, Rexin-G lead
to apoptosis in cancer cells via the synthesis of cytocidal
dnG1 proteins that inhibit the cell cycle in the G1 phase
[75]. PVSRIPO is an oncolytic recombinant polio/rhino-
virus which is currently in phase II clinical trials for safety
and efficacy study in recurrent malignant glioma [76].

The advantages of OV over other therapy approaches
include low probability of therapy resistance, ability to
target multiple oncogenic pathways to kill cancer cells,
selective replication in cancer cells, non-pathogenicity
(minimal systemic toxicity), amplification of the vp with
time in the host (replication competent OV) in contrast
to chemotherapy which demonstrates reduction over
time, and room for modifications for increased safety and
efficacy [54]. One major disadvantage of OV is complexi-
ties associated with its efficient delivery. That includes
pre-existence of anti-OV antibodies or induction upon
multiple administrations, affinity to serum proteins and
instability during circulation, minimal to no extravasa-
tion into the tumors, or liver sequestration [54, 60]. The
limited efficacy of OV in solid tumors could be due to
presence of physical barriers, tumor heterogeneity, and
an immunosuppressive tumor-microenvironment (TME)
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[55]. Optimization of OV delivery approaches, convert-
ing the immunosuppressive TME to inflammatory TME,
increasing efficacy and safety are some areas that still
need significant improvement [53].

Suicide gene therapy

In suicide gene therapy approach, a gene expressing a
non-toxic enzyme is introduced into the cancer cells.
This is followed by the systemic administration of a prod-
rug which is converted into a toxic compound by an
enzyme produced by the newly introduced genes in the
cancer cells. Thus, the cancer cells are selectively killed
while the uninfected normal cells are relatively spared
from damage. The genes used are of non-human origin,
generally viral or bacterial genes. Of the several suicide
gene systems identified, the cytosine deaminase/5-fluo-
rocytosine and the herpes simplex virus/ganciclovir are
widely used [29, 77]. This approach can also affect and
kill neighboring tumor cells exhibiting a bystander effect
due to toxic metabolite diffusion. The dying tumor cells
can also release necrotic materials and tumor antigens
into the circulation causing an immune system activation
leading to killing of distant tumor metastases [35].
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Gene therapy clinical trials at Henry Ford Health
Over the last two decades investigators at Henry Ford
Health have developed four different gene therapy vec-
tors. The replication competent adenoviral vectors
developed have been designed to harbor two mutant sui-
cide genes in addition to carrying a gene for enhanced
cytolysis, imaging or for immunotherapy. The products
have been evaluated in more than 6 preclinical studies
[78-85]. The team has conducted 9 investigator-initiated
phase I, phase I/II clinical trials [86—94] (Fig. 2) includ-
ing a trial that remains open for long term follow up of
recurrent prostate cancer patients treated with suicide
gene therapy including IL-12 (Table 3). The team recently
initiated an investigator-initiated phase I trial that aims
to identify maximum tolerated dose (MTD) and safety of
adenoviral gene therapy in combination with cytotoxic
prodrugs and fractionated radiosurgery (fSRS) in adults
with recurrent glioma (Table 3).

Virus-based suicide-gene therapies are based primar-
ily on the premise that tumor cells expressing the suicide
genes will be rendered sensitive to specific pharmaco-
logic agents thereby providing a local cytotoxic effect
and improving the therapeutic index [78, 84, 85, 95-103].
Delivery of the virus to the tumor is usually accomplished

Henry Ford Health System Gene Therapy Program Timeline
(4 INDs, 9 Clinical trials, > 100 patients treated)
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Fig. 2 Timeline of Gene therapy vector development and initiation of investigator initiated clinical trials at HFH
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Table 3 Cancer Gene Therapy Clinical Trials conducted at HFH using HFH developed vectors
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IND IRB Virus Virus Dose Rx Site Patient# Phase Status
11,253 4809  CD/TKrep-ADP  1x 10" Arm1: GT + IMRT Prostate 44 Il Closed
80 Gy, Arm2: IMRT 11/23/21
80 Gy
11,253 2800  CD/TKrep-ADP 1% 10" 1x 10" GT+IMRT 74 Gy Prostate 9 \ Closed, 10/14/14
16,536 9829  CD/TKrep-Il-12  1x1003x1001x10'"3x 10" GTonly Prostate 15 \ Open*
1x10"
16,536 11,260 CD/TK-rep-Il-12 1x 10" 3 x 10" GT+Chemo Pancreas 12 \ Completed
1x10"
12,786 3828  CD/TKrep-hNIS 1% 10" 1x 10 GT+IMRT 76 Gy Prostate 19 \ Closed, 3/11/14
8436 361 CD/TKrep 1x10'° GTonly Prostate 16 \ Closed, 6/25/12
1x 10"
1x10"
9852 588 CD/TKrep 1% 10" GT+EBRT70-74 Gy  Prostate 15 Closed, 3/11/14
11,253 15295 CD/TKrep-ADP  1x 10" 3x 10" 1 x 10" GT+ SRS (8 Gy*3) Glioma  9-18 [ Open/recruiting

Open*: Not recruiting new patients, long term follow-up only. IRB not yet officially closed

by direct intra-tumoral or systemic injection of a viral
vector containing the suicide gene.

Two suicide genes that have been evaluated in preclini-
cal models and in the clinic are the E. Coli cytosine deam-
inase (CD) and herpes simplex virus thymidine kinase
(HSV-1 TK). Cytosine deaminase (CD) can deaminate
the innocuous prodrug 5-fluorocytosine (5-FC), produc-
ing locally high concentrations of 5-fluorouracil (5-FU), a
widely used chemotherapeutic agent. The cytotoxic effect
of 5-FU follows its conversion to 5-fluoro-deoxyuridylic
monophosphate (dAUMP), which irreversibly inhibits thy-
midylate synthase, resulting in the inhibition of the de
novo pathway of DNA synthesis. Thymidine kinase (TK)
from herpes simplex virus type (HSV-1) phosphorylates
a variety of nucleoside analogues, such as ganciclovir
(GCV), to their nucleoside monophosphate derivatives.
Once phosphorylated, these analogues are converted
by endogenous cellular kinases into their correspond-
ing nucleoside triphosphates, which inhibit the salvage
pathway of DNA replication by chain termination. Both
the CD/5-FC and HSV-1 TK/GCV suicide gene systems
exhibit a bystander effect, which results in the destruc-
tion of neighboring tumor cells not expressing the sui-
cide genes [100, 101, 104]. The three generations of lytic
adenoviral vector developed at Henry Ford Health for
suicide gene therapy and the preclinical and clinical trials
using these products are described below.

Ad5-CD/TKrep suicide gene therapy: first-generation
adenoviral vector

The search for viral vectors that could enhance gene
therapy and overcome the limitation of the replica-
tion defective ones led to the development of the first-
generation adenoviral vector Ad5-CD/TKrep at Henry

Ford Health. This vector was a replication competent,
lytic adenovirus type 5 and could replicate in the tumor
cells to increase the therapeutic efficacy per dose of
virus administered. Compared to ONYX-01 (one of the
first replication-competent, EIB-attenuated adenovirus
5) Ad5-CD/TKrep demonstrated improved efficacy and
safety. This virus was also armed with a combined dou-
ble enzyme-prodrug systems, a yeast cytosine deami-
nase (yCD) /5-FC and HSV1-tk/ganciclovir that caused
enhanced cancer cell killing and sensitized cancer cells
to radiation in vitro [78]. Kim et. al., first demonstrated
the selective enhancement of radiation killing by the
HSV1-tk/ganciclovir system in-vitro and in-vivo[105].
Subsequent in vivo studies using this virus proved
that the virus by itself exhibited antitumor effects in
mice with C33A tumors. Use of the virus with both
prodrugs, but not single drugs led to improved thera-
peutic outcomes. The use of this virus with the two
prodrugs and radiation led to tumor regression and
complete tumor cure demonstrating the therapeutic
potential of this triple combination approach in cancer
gene therapy [79]. The safety and efficacy of using this
virus with external beam radiation therapy (EBRT) was
evaluated in a preclinical study using two mouse pros-
tate cancer models in preparation for Phase I human
clinical trials. Both prostate cancer models confirmed
improved tumor control and reduced lymph node
metastases using the triple combination of virus, prod-
rugs and EBRT compared to EBRT alone. The trimodal
therapy was however associated with limited toxicity;
toxicity was attributed to the combined Ad5-CD/TKrep
adenovirus and EBRT, not the prodrugs. This study
concluded that the double suicide gene therapy medi-
ated by the Ad5-CD/TKrep adenovirus can be used
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to effectively enhance EBRT and was safe to use for
human trials [80].

In a phase I study, which was the first ever human gene
therapy trial using replication-competent virus to deliver
genes for therapy, the efficacy of the Ad5-CD/TKrep ade-
novirus for treatment of locally recurrent prostate cancer
was evaluated. The adenovirus was administered to 12
patients in 3 groups in escalating doses (10'°, 10", and
10'? vp) intra-prostatically followed by 5-fluorocytosine
and ganciclovir prodrug therapy two days later for 1 week
in groups 1-3. If no dose limiting toxicity (DLT) was
observed, the study was to proceed to the next group.
A fourth group with 4 patients was thus included in the
study where they received 10'* vp followed by 5-fluoro-
cytosine and ganciclovir prodrug therapy two days later
for 2 weeks instead of one as in groups 1-3. No dose
limiting toxicities were observed and the MTD of the
adenoviral vector was not defined. Mild adverse effects
were observed, with 44% patients demonstrating a 25% or
more decrease in serum prostate-specific antigen (PSA)
and 19% of patients exhibiting 50% or more decrease in
serum PSA. The viral DNA was detected in the blood
of patients up to 76 days post-viral injection. One year
follow up indicated that two patients were negative for
adenocarcinoma. This study concluded that the Ad5-CD/
TKrep carrying the double suicide genes could be safely
used in combination with 5-FC and GCV prodrug ther-
apy in humans [86].

Another phase I trial studied the safety of using Ad5-
CD/TKrep-prodrug therapy with conventional-dose
three-dimensional conformal radiation therapy (3D-
CRT) in patients with newly diagnosed intermediate- to
high-risk prostate cancer. Virus was injected into the
prostate gland under ultrasound guidance, followed by
5-fluorocytosine and valganciclovir prodrug therapy two
days later for 1, 2 or three weeks depending on patient
groups. The patients presented with mild or moderate
adverse effects with no dose limiting toxicities. Acute
urinary/gastrointestinal toxicities seen were associated
with the conventional-dose 3D-CRT. The PSA half-life
was found to be shorter in patients receiving prodrug
therapy for more than a week compared to one week only
and markedly shorter than patients receiving only con-
ventional-dose 3D-CRT. This clinical trial demonstrated
the safety of using Ad5-CD/TKrep-prodrug therapy with
conventional-dose 3D-CRT [87].

Ad5-yCD/mutTKggsorep-ADP suicide gene therapy:
second-generation adenoviral vector

Henry Ford Health investigators developed the Ad5-
yCD/mutTKgpsorep-ADP  oncolytic adenovirus, which
was a second-generation replication competent adeno-
virus type 5. This second-generation adenovirus had an

(2023) 8:11

Page 12 of 21

improved yeast cytosine deaminase (yCD) instead of
bacterial cytosine deaminase and a mutant SR39 (Ser-
ine to Arginine) herpes simplex virus thymidine kinase
(mutTKgrqo), resulting in both the enzyme products hav-
ing better catalytic activity [106, 107]. The virus also car-
ried the 11.6-kDa Ad5 adenovirus death protein (ADP)
gene which confers enhanced oncolytic activity. Thus,
compared to the first-generation Ad5-CD/TKrep ade-
novirus, Ad5-yCD/mutTKgpqorep-ADP  demonstrated
enhanced chemo-radiosensitivity causing increased cell
killing and greater tumor control in vitro and in preclini-
cal studies human cancer models, respectively [85].

The efficacy and toxicity of combining Ad5-
yCD/mutTK(gps9)rep-ADP adenovirus gene therapy and
radiation was studied in a preclinical model of pancre-
atic cancer. Human pancreatic adenocarcinoma cells
MiaPaCa-2 and PANC-1 were sensitive to the Ad5-
yCD/mutTKgpsorep-ADP  adenovirus harboring yeast
cytosine deaminase (yCD) and herpes simplex virus
thymidine kinase (HSV-1 TK(SR39) suicide gene sys-
tems. MiaPaCa-2 tumor bearing athymic mice survived
longer when treated with Ad5-yCD/mutTKgpserep-ADP-
mediated adenovirus with radiation than mice treated
with either modality alone. The HSV-1 TK gene in the
Ad5-yCD/mutTKgrsorep-ADP  adenovirus system can
be imaged by positron emission tomography (PET) by
administering positron-emitting substrates of HSV-1
TK such as 9-(4-[**F]-fluoro-3-hydroxymethylbutyl)gua-
nine (['®F]-FHBG). Following intrapancreatic injection in
dogs, ["®F]-FHBG was detected in the pancreas but not
in the other major organs evidencing little dissemina-
tion of the adenovirus to uninvolved tissues. This study
confirmed that the Ad5-yCD/mutTKgpsqrep-ADP adeno-
virus system can enhance the killing effect when used
in combination with radiation and can be used for non-
invasively imaging of the gene expression using PET sub-
strates [81].

The safety of Ad5-yCD/mutTKgpsorep-ADP with radia-
tion therapy was tested in phase I and II clinical trials in
prostate cancer patients. Phase I toxicity and preliminary
efficacy study of using Ad5-yCD/mutTKgysorep-ADP
with intensity-modulated radiotherapy (IMRT) resulted
in low toxicity with 92% of adverse effects being consid-
ered mild or moderate, and one non-associated death
[90]. The Phase II trial was a multicenter, prospective,
randomized study using IMRT with or without oncolytic
adenovirus-mediated cytotoxic gene therapy. Two-year
prostate cancer biopsy results confirmed a 42% relative
reduction in biopsy positivity in the arm that received
Ad5-yCD/mutTKgpsgrep-ADP with IMRT compared to
the arm that received only IMRT. None of the patients
exhibited hormone-refractory or metastatic disease, and
there was no patient death [108]. In a longer follow up
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of five years, this protocol delayed the need of salvage
therapy by two years and 88% of the patients were alive
with no deaths reported due to prostate cancer [109].
The safety and success of these trials have encouraged the
Henry Ford Health team to investigate this approach at
other tumor sites.

Ad5-yCD/mutTKggsqrep-mliL12 suicide gene therapy:
third-generation adenoviral vector

Although the second-generation oncolytic adenoviral
vector could control tumor locally, it was important to
find new therapies to target metastatic tumors to fur-
ther improve cancer patient survival. With the goal to
improve adenoviral vector mediated gene therapy, the
Henry Ford Health team developed the new strategy of
adding a cytokine gene therapy (i.e., immunotherapy) to
the Ad5-yCD/mutTKgpsorep adenoviral vector.

Cytokines play a major role in regulating both the
innate and adaptive immunity [110]. Cytokines exert
their anti-tumor effect by a direct anti-proliferative or
pro-apoptotic activity, or by indirectly stimulating the
cytotoxic activity of immune cells to target cancer cells
[111]. Preclinical studies demonstrated favorable effica-
cies with granulocyte—macrophage colony stimulating
factor (GM-CSF), interferon alpha (IFN«), interleukin
(IL)-2, IL-12, IL-15, and IL-21 [112-119]. These preclini-
cal studies, however, failed to translate into clinical trials
due largely to their short half-lives and narrow thera-
peutic window. IFNa was the first cytokine approved
for human cancer treatment (hairy cell leukemia; HCL)
followed by approval of high-dose IL-2 (HDIL-2) for
metastatic renal cell carcinoma (mRCC) and metastatic
melanoma (MM). However, the toxicity and low response
rate with HDIL-2 and IFN-a have limited their use in
cancer therapy [111, 120, 121].

The oncolytic adenovirus (Ad5-yCD/mutTKgpserep-
mlIL12) expressing the double suicide gene sys-
tems and mouse interleukin-12 (IL-12) was thus
engineered at Henry Ford Health. This vector (Ad5-
yCD/mutTKgpsorep-mlIL12) was found to improve tumor
control in both local and metastatic tumors in a pre-
clinical TRAMP-C2 prostate adenocarcinoma mouse
model to improve survival significantly compared to
adenovirus lacking IL-12 (Ad5-yCD/mutTKgpserep)
[83]. Ad5-yCD/mutTKgpsorep-mIL12 led to increased
production of IL-12 and IFN-y in tumor and serum and
better anti-tumor immune responses. For optimal activ-
ity of Ad5-yCD/mutTKgpsorep-mIL12, both adaptive and
innate immunity were found to be required. This study
demonstrated that the IL-12 addition could significantly
improve the efficacy of locally (intratumorally) adminis-
tered adenovirus mediated oncolytic gene therapy.
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Additionally, a preclinical study of the combination of
adenovirus-mediated cytotoxic pro-drugs and interleu-
kin 12 (IL-12) gene therapy was carried out to support
phase I clinical trials. The oncolytic adenovirus Ad5-
yCD/mutTKgpsorep-mIL12 expressing two suicide genes
and mouse IL-12 was intraprostatically administered in
mice, followed by two weeks of 5-FC and GCV prodrug
therapy [82]. This study showed mild side effects which
resolved themselves or were unremarkable and demon-
strated the tolerability of the Ad5-yCD/mutTKcpsorep-
mIL12 oncolytic adenovirus in mice, supporting use in
human trials [82].

A similar adenoviral vector was developed that har-
bored human IL-12 gene (Ad5-yCD/mutTKgpsorep-
hiL12) and was subsequently wused in an
investigator-initiated phase I trial in men with locally
recurrent prostate cancer after definitive radiotherapy
[NCT02555397]. Ad5-yCD/mutTKgpserep-hIL12 adeno-
virus was administered via intraprostatic injection at a
single dose of 1 x 10'° to 1 x 10'? vp. The primary goal of
the study was to determine the dose-dependent toxicity
and MTD within 30 days from the first day of treatment.
Secondary objective included PSA response and PSA
doubling time, freedom from biochemical/clinical fail-
ure and quality of life over a period of two years, disease
specific survival and overall survival (OS) over a period
of 5 years. Preliminary results revealed that MTD was
not reached even at the highest dose of 1 x 1012 vp [94].
Patients are being currently followed for long-term out-
comes and results of this trial will be presented (manu-
script in preparation).

In a similar approach, this 3"-generation adenoviral
vector was used in a phase I trial in metastatic pancre-
atic cancer patients [NCT03281382]. Increasing doses
of Ad5-yCD/mutTKgpserep-hIL-12 (1 x 10", 3 x 10", or
1 x 10'? vp) were administered into the primary pancre-
atic tumor using gastrointestinal ultrasonography into
subjects. This was followed by 5-fluorocytosine (5-FC)
therapy for 7 days after adenovirus injection. Chemo-
therapy (FOLFIRINOX or gemcitabine/albumin-bound
paclitaxel) was initiated 21 days after adenoviral injec-
tion. The primary endpoint was toxicity through day 21.
Most adverse events (AE; 94%) were grade 1/2 which did
not require any medical intervention. Only two patients
(out of twelve) had Ad5-yCD/mutTKgpaerep-hIL-12
DNA detected in their blood. Elevated levels of IL-12,
IEN-y, and CXCL10 was detected in patient serum in
42%, 75%, and 92% of the subjects, respectively. Immune
cells were also found to be activated following adminis-
tration of Ad5-yCD/mutTKcpsorep-hIL-12. The third
cohort of patients, those receiving the highest dose of
virus, showed a median survival of 18.1 (range, 3.5-20.0)
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months. The MTD of the treatment was not reached in
the study [89].

One of the ways to improve adenoviral gene ther-
apy is to develop methods to monitor the activity of
these vectors following administration into patients.
The Henry Ford Health team developed the Ad5-
yCD/mutTKgpsorep-hNIS adenoviral vector to track the
spatial and temporal gene expression in vivo. This vec-
tor carries a human sodium iodide symporter (hNIS)
reporter gene. The human sodium iodide symporter
can catalyze uptake of negatively charged ions like
iodide, technetium etc. and has several substrates that
can be detected using CT, PET or SPECT imaging [122,
123]. Following intraprostatic injection of the Ad5-
yCD/mutTKgpsorep-hNIS adenoviral vector in men, non-
invasive imaging of NIS gene expression by Na*™TcO,
uptake in cells infected with the vector was performed by
SPECT. Gene expression was detected in 7 of 9 patients
with intensity peaking at 1-2 days post injection and
detectability up to 7 days. Intraprostatic gene expres-
sion was seen but no evidence of the dissemination of
the virus outside the prostate was found on whole body
imaging. This study demonstrated that the viral vector
activity can be monitored in humans non-invasively and
safely [92].

Table 3 and Fig. 2 summarize and provide a timeline
of the different gene therapy clinical trials conducted at
Henry Ford Health. Henry Ford Health also participated/
is participating in several sponsored gene therapy clinical
trials for various cancers. These trials are summarized in
Table 4.

Few examples of clinical trials based on replica-
tion-defective adenoviral vectors harboring suicide
genes are discussed here. A phase I clinical trial stud-
ied the toxicity and efficacy of Ad5.SSTR/TK.RGD
[NCT00964756] in patients with recurrent gynecologic
cancers. It is an adenoviral vector carrying HSV-TK
suicide gene and a somatostatin receptor (SSTR) con-
struct for non-invasive imaging of gene transfer using
In-111 pentetreotide. 12 patients were administered
with 1 x 10°-1 x 10'? vp/dose followed by GCV. This
study demonstrated that Ad5.SSTR/TK.RGD vector
was safe with potential efficacy and imaging capability
[124]. Similarly, the efficacy of adenoviral vector armed
with HSV-TK suicide gene (AdHSV-TK) was evaluated
in patients with recurrent ovarian cancer in a Phase 1
trial. AdHSV-TK was administered at doses ranging
from 1 x 10°—1 x 10'! plaque-forming unit (PFU) fol-
lowed by GCV. This study demonstrated the safety of
AdHSV-TK with GCV in women with ovarian cancer
[125]. The safety and feasibility of intratumoral injec-
tion of another adenoviral vector encoding HSV-TK
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(Ad.TK) in advanced hepatocellular carcinoma (HCC)
was evaluated in a phase I trial [NCT00844623]. 10
patients were administered with 10'°—2 x 10'? vp fol-
lowed by GCV. This study demonstrated that intratu-
moral injection of Ad.TK was safe in HCC patients at
the highest dose tested [126].

While majority of adenoviral vector based clinical tri-
als utilized replication defective vectors, several institutes
including ours have developed replication-competent
adenoviral vectors. Some of these studies are discussed
in this section to give perspective to the trials conducted
at Henry Ford Health. VCN-01 is an Ad5 based onco-
lytic adenovirus engineered to replicate in RB1 pathway
dysfunctional cancer cells and expresses PH20 hyaluro-
nidase. The safety of VCN-01 was evaluated in a phase I
trial [NCT02045602] in advanced solid cancers in com-
bination with gemcitabine or nab-paclitaxel. This study
was found to be safe with indications of viral replication
and an increase in levels of immune biomarkers was also
observed [127]. Similarly, preclinical studies on replica-
tion-competent, tumor selective oncolytic adenovirus
DNX-2401 (Delta-24-RGD or tasadenoturev) demon-
strated favorable anti-tumor effects in glioma cells [128,
129]. This viral vector was successfully used in a Phase 1,
dose escalation and biologic end point study in recurrent
malignant glioma. The biologic end point group patients
demonstrated that DNX-2401 replicated and spread
within the tumor indicating direct oncolysis by the virus.
Radiographical and histopathological examination dem-
onstrated signs of inflammation and tumor infiltration
by the immune cells [130]. The safety of ICOVIR-5 (Ad-
DM-E2F-K-Delta24RGD) which derived from DNX-
2401 was evaluated in a Phase I dose escalation trial
[NCTO01864759] in metastatic melanoma patients. This
clinical study demonstrated the ability of ICOVIR-5 to
reach melanoma metastases with a single intravenous
administration [131]. ONCOS-102 (Ad5/3-D24-GMCSF)
is an oncolytic adenovirus coding for granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) modi-
fied to replicate selectively in p16/Rb-defective cells. In
ONCOS-102, GM-CSEF is produced in a tumor-restricted
manner since GMCSF is under viral E3 genes and the
replication of the virus is tumor-selective. In a phase 1
study the safety, optimal dose, tolerability, and adverse
event (AE) of ONCOS-102 was evaluated in patients with
treatment refractory solid tumors. Favorable efficacy in
terms of viral transduction and tumor cell killing was
observed with no AE. This study established the safety
and potential of ONCOS-102 in treating cancer patients
[132]. All these preclinical and clinical studies demon-
strate how far the gene therapy field has moved recently
and clear advantages of deploying replication competent
adenoviruses in cancer treatment paradigm.
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Challenges and future directions

The earliest clinical studies on gene therapy started with
the first human gene therapy trial conducted in 1989
in patients with advanced melanoma [133]. Out of the
approximate 2597 clinical trials on gene therapy con-
ducted worldwide by 2017, more than 65% were designed
for cancer management. These trials have paved the way
for approvals of various gene therapy products for can-
cer management (Table 2) [134]. However, this number
may seem small when compared with the large number
of clinical trials that have been conducted. One of the
main challenges impeding clinical translation of cancer
gene therapy trials is that patients that are enrolled in
trials already have advanced and therapy resistant can-
cers. Gene therapies may show better results in patients
with early-stage cancers or when used as an adjuvant
therapy after radiation or chemotherapy with potential
for enhanced results. Including a wide range of patients
as well as tumor genomic analysis, and evaluation of
host immune response may help in improving selection
of gene therapy most appropriate for the patients. Other
challenges include the limited number of genes that can
be used in clinical trials for cancer gene therapy, inef-
ficient vectors, development of treatment resistance
leading to recurrence of tumor and shorter survival of
patients, lack of success in targeting metastatic cells etc.
[35, 135]. There are several hurdles to overcome in the use
of oncolytic viral vectors in cancer gene therapy such as
issues with virus delivery, the immunosuppressive TME
and anti-viral immune responses, tumor heterogene-
ity, etc. Improvements in virus delivery and distribution,
tumor targeting, increasing potency of OV by incorpo-
rating therapeutic genes, and using OV in combination
with other therapy approaches may help overcome some
of the current challenges in OV [58]. There is also a need
to analyze the current state of cancer gene therapy strat-
egies with better technological advancements and more
clarifying preclinical studies [5]. Developing new experi-
mental vectors, increasing the specificity and efficiency
of gene delivery system and better understanding of can-
cer and the immune response to therapy are areas in can-
cer gene therapy that can be improved [136, 137]. With
time, these techniques can advance to be utilized as stan-
dalone treatment or in combination with current therapy
approaches to manage cancer more efficaciously.

Summary

One of the advantages of gene therapy over conven-
tional therapy for cancer treatment is the inherent safety
of the approach leading to tolerable side effects. Cancer
gene therapy has novel modes of action, targeting spe-
cific mechanisms of cell death, and shows synergy with
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conventional therapeutic approaches. Improvement
in gene therapy that can facilitate a better selection of
appropriate patients for gene therapy include tumor
genomic analysis, and assessment of host tumoral and
cellular immunity. Developing safe and effective vectors
for gene delivery and understanding the activity of nucle-
ases can facilitate future genome editing as new treat-
ment approaches for cancer.

Over the past two decades Henry Ford Health has
developed replication competent oncolytic adenovirus
gene therapy vectors and carried out several clinical tri-
als with encouraging results in prostate and pancre-
atic cancers [86-88, 90, 108]. The Henry Ford Health
team recently initiated a phase I trial in recurrent gli-
oma. The first-generation adenoviral vector Ad5-CD/
TKrep showed enhanced cancer cell killing with 5-fluo-
rocytosine and ganciclovir prodrug therapy and sen-
sitized cancer cells to radiation in vitro. The improved
second-generation virus Ad5-yCD/mutTKgpsgrep-ADP
demonstrated good efficacy and safety profile alone
[88, 108] or in combination with radiation [88, 90, 108,
109]. The third generation IL-12 incorporated vec-
tor Ad5-yCD/mutTKpqorep-hIL-12 developed to tar-
get metastatic tumors showed good efficacy and safety
in preclinical studies and was found to be tolerable in
metastatic pancreatic cancer patients in a phase I clini-
cal trial [89]. An additional gene therapy product, the
Ad5-yCD/mutTKgpsorep-hNIS adenoviral vector, incor-
porated an imaging gene, allowing for clinicians to
monitor the activity of gene therapy vectors in vivo non-
invasively. A vector with a reporter gene has the potential
to improve the efficacy of the approach by monitoring
activity from the injection site and, in addition, the safety
of the approach by monitoring viral dissemination and
persistence.

Apart from validating in-house developed gene therapy
vectors [86—-94], Henry Ford Health has been actively
participating in numerous sponsored gene therapy clini-
cal trials [138—143]. Collectively, these studies have dem-
onstrated safety, tolerability and in some cases efficacy
of gene therapy vectors. Considering the multiple clini-
cal trials underway worldwide, the future of gene therapy
remains bright with cautious optimism that gene therapy
offers the potential to be part of an effective and safe
treatment of cancer.

Conclusions

Over the last three decades significant progress has
been made in cancer gene therapy as evident by mul-
titude of currently open clinical trials (Table 1) and
approval of about a dozen gene therapy products for
clinical interventions for cancer management (Table 2).
Majority of FDA and EMA approvals for cancer
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management were granted within the last 10-12 years
further highlighting the rapid pace at which the cancer
gene therapy field is moving and providing the novel,
cutting-edge treatment options to cancer patients who
may have limited options given cancer progression on
prior conventional therapies. Most of the presently
FDA approved gene therapy products are for relapsed
or refractory, or therapy resistant cancers. We are cer-
tain that the gene therapy will come out of age in the
coming years where gene therapy products will be
approved as first line therapy for cancer management.
Exciting research and development taking place in
gene therapy will make the next decade of biomedical
research as a decade of “cell and gene therapy”.
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DLT Dose limiting toxicity

Acknowledgements
None.

Authors’ contributions

ST original draft and corrections, SS, SLB, BM, SF, JHK, IUC, FS: review, feedback,
SN: conceptualization and supervision. All authors read and approved the final
manuscript.

Funding

The authors are thankful to NIH-NCI R21 (R21CA252010-01A1), HFHS Research
Administration Start up, HFHS Proposal Development Award, HFHS-Rad Onc.
Start up to SN, and the generous support of Wendel Anderson family for
research funding.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

Benjamin Movsas receives research support from Varian Medical Systems,
ViewRay, and Philips. Farzan Siddiqui has received honoraria from Varian Medi-
cal Systems for lectures and presentations, reimbursement for travel, food,

and lodging expenses; Honoraria from American College of Radiology for
services provided as Radiation Oncology Practice Accreditation site surveyor,
reimbursement for travel, food, and lodging expenses; Honoraria from Varian
Noona Medical Advisory Board for services as a board member. Indrin J. Chetty
receives research support from Varian Medical Systems, ViewRay, and Philips.

(2023) 8:11

Page 18 of 21

He has received travel expenses from Varian Medical Systems and ViewRay Inc.
for travel, food and lodging expenses related to research meetings.
All other authors have no conflicts of interest related to this publication.

Received: 24 January 2023 Accepted: 4 April 2023
Published online: 10 April 2023

References

1. Mahale S, et al. Gene therapy and its implications in Periodontics. J
Indian Soc Periodontol. 2009;13(1):1-5.

2. Bulcha JT, et al. Viral vector platforms within the gene therapy land-
scape. Signal Transduct Target Ther. 2021;6(1):53.

3. GoswamiR, et al. Gene Therapy Leaves a Vicious Cycle. Front Oncol.
2019;9:297.

4. Hakan A, Muge O, Gizem S. Cancer Gene Therapy. In: Doaa H, editor.
Gene Therapy. Rijeka: IntechOpen; 2015. p. Ch. 1.

5. Belete TM.The Current Status of Gene Therapy for the Treatment of
Cancer. Biologics Targets Ther. 2021;15:67-77.

6. Kirschner J, CathomenT. Gene Therapy for Monogenic Inherited Disor-
ders. Dtsch Arztebl Int. 2020;117(51-52):878-85.

7. Nidetz NF, et al. Adeno-associated viral vector-mediated immune
responses: Understanding barriers to gene delivery. Pharmacol Ther.
2020;207:107453.

8. LiT, etal. Tumor angiogenesis and anti-angiogenic gene therapy for
cancer. Oncol Lett. 2018;16(1):687-702.

9. TianY, et al. Gene modification strategies for next-generation CART
cells against solid cancers. J Hematol Oncol. 2020;13(1):54.

10.  Garcia-Guerrero E, Sierro-Martinez B, Pérez-Simén JA. Overcoming
Chimeric Antigen Receptor (CAR) Modified T-Cell Therapy Limitations in
Multiple Myeloma. Front Immunol. 2020;11:1128.

11. Maude SL, et al. Chimeric Antigen Receptor T Cells for Sustained Remis-
sions in Leukemia. N Engl J Med. 2014;371(16):1507-17.

12. Porter DL, et al. Chimeric antigen receptor T cells persist and induce
sustained remissions in relapsed refractory chronic lymphocytic leuke-
mia. Sci Transl Med. 2015;7(303):303ra139.

13. Maude SL, et al. CD19-targeted chimeric antigen receptor T-cell therapy
for acute lymphoblastic leukemia. Blood. 2015;125(26):4017-23.

14.  Miliotou AN, Papadopoulou LC. CAR T-cell Therapy: A New Era in Cancer
Immunotherapy. Curr Pharm Biotechnol. 2018;19(1):5-18.

15. Benmebarek MR, et al. Killing Mechanisms of Chimeric Antigen Recep-
tor (CAR) T Cells. Int J Mol Sci. 2019;20(6):1283.

16. Abbasi S, Totmaj MA, Abbasi M, Hajazimian S, Goleij P, Behroozi J, et al.
Chimeric antigen receptor T (CAR-T) cells: Novel cell therapy for hema-
tological malignancies. Cancer Med. 2022. https://doi.org/10.1002/
cam4.5551.

17. Feins S, et al. An introduction to chimeric antigen receptor (CAR) T-cell
immunotherapy for human cancer. Am J Hematol. 2019;94(S1):53-9.

18. Dotti G, et al. Design and development of therapies using chimeric
antigen receptor-expressing T cells. Immunol Rev. 2014;257(1):107-26.

19. Schuster SJ, et al. Tisagenlecleucel in Adult Relapsed or Refractory Dif-
fuse Large B-Cell Lymphoma. N Engl J Med. 2019;380(1):45-56.

20. Maude SL, et al. Tisagenlecleucel in Children and Young Adults with
B-Cell Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):439-48.

21. Locke FL, et al. Long-term safety and activity of axicabtagene ciloleucel
in refractory large B-cell lymphoma (ZUMA-1): a single-arm, multicen-
tre, phase 1-2 trial. Lancet Oncol. 2019;20(1):31-42.

22. Neelapu SS, et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refrac-
tory Large B-Cell Lymphoma. N Engl J Med. 2017;377(26):2531-44.

23. LuJ, Jiang G.The journey of CAR-T therapy in hematological malignan-
cies. Mol Cancer. 2022;21(1):194.

24. Vairy S, etal. CTLO19 (tisagenlecleucel): CAR-T therapy for relapsed and
refractory B-cell acute lymphoblastic leukemia. Drug Des Dev Ther.
2018;12:3885-98.

25. AliS, et al. The European Medicines Agency Review of Kymriah (Tisa-
genlecleucel) for the Treatment of Acute Lymphoblastic Leukemia and
Diffuse Large B-Cell Lymphoma. Oncologist. 2019;25(2):e321-7.


https://doi.org/10.1002/cam4.5551
https://doi.org/10.1002/cam4.5551

Thoidingjam et al. Translational Medicine Communications

26.

27.

28.

29.

30.

31
32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

(2023) 8:11

LiuY, et al. Tisagenlecleucel, an approved anti-CD19 chimeric antigen
receptor T-cell therapy for the treatment of leukemia. Drugs Today
(Barc). 2017;53(11):597-608.

AlDallal SM. Yescarta: A New Era for Non-Hodgkin Lymphoma Patients.
Cureus. 2020;12(11):11504-e11504.

Papadouli |, et al. EMA Review of Axicabtagene Ciloleucel (Yescarta)

for the Treatment of Diffuse Large B-Cell Lymphoma. Oncologist.
2020;25(10):894-902.

Bouchkouj N, et al. FDA Approval Summary: Axicabtagene Ciloleucel
for Relapsed or Refractory Large B-cell Lymphoma. Clin Cancer Res.
2019;25(6):1702-8.

Sadowski K, Olejarz W, Basak G. Modern Advances in CARs Therapy

and Creating a New Approach to Future Treatment. Int J Mol Sci.
2022,;23(23):15006.

Irvine DJ, et al. The future of engineered immune cell therapies. Sci-
ence. 2022;378(6622):853-8.

Tian Z, et al. Insight Into the Prospects for RNAi Therapy of Cancer. Front
Pharmacol. 2021;12:644718.

Boettcher M, McManus MT. Choosing the Right Tool for the Job: RNA,
TALEN, or CRISPR. Mol Cell. 2015;58(4):575-85.

Wang J, Li LC. Small RNA and its application in andrology and urology.
Transl Androl Urol. 2012;1(1):33-43.

Amer MH. Gene therapy for cancer: present status and future perspec-
tive. Mol Cell Ther. 2014,2:27-27.

BioTherapeutics E. Study of EBT-101 in Aviremic HIV-1 Infected Adults
on Stable ART. 2022 (https://ClinicalTrials.gov/show/NCT05144386).
BioTherapeutics E. Long-Term Follow-Up Study of HIV-1 Infected Adults
Who Received EBT-101. 2023 (https://ClinicalTrials.gov/show/NCT05
143307).

Graphite Bio I. Gene Correction in Autologous CD34+ Hematopoi-

etic Stem Cells (HbS to HbA) to Treat Severe Sickle Cell Disease. 2021
(https://ClinicalTrials.gov/show/NCT04819841).

Intima Bioscience I. Phase 1/2 Study of CISH Inactivated TILs in the
Treatment of NSCLC. 2022 (https://ClinicalTrials.gov/show/NCT05
566223).

Intima Bioscience I, U.o.M. Masonic Cancer Center. A Study of Metastatic
Gastrointestinal Cancers Treated With Tumor Infiltrating Lymphocytes in
Which the Gene Encoding the Intracellular Immune Checkpoint CISH Is
Inhibited Using CRISPR Genetic Engineering. 2020 (https://ClinicalTrials.
gov/show/NCT04426669).

Science AM, L Technology Co. iHSCs With the Gene Correction of HBB
Intervent Subjests With B-thalassemia Mutations. 2019 (https://Clini
calTrials.gov/show/NCT03728322).

Shanghai BDgene Co, Eye L, EH.0.F. University. Safety and Efficacy

of CRISPR/Cas9 mRNA Instantaneous Gene Editing Therapy to Treat
Refractory Viral Keratitis. 2020 (https://ClinicalTrials.gov/show/NCT04
560790).

Trust GOSHfCNF, L. University College. TT52CAR19 Therapy for B-cell
Acute Lymphobilastic Leukaemia (B-ALL). 2020 (https://ClinicalTrials.
gov/show/NCT04557436).

University, C.S. TACE Combined With PD-1 Knockout Engineered T Cell
in Advanced Hepatocellular Carcinoma. 2019 (https://ClinicalTrials.gov/
show/NCT04417764).

University Hospital M, Telethon AFcIM. Exploiting Epigenome Editing in
Kabuki Syndrome: a New Route Towards Gene Therapy for Rare Genetic
Disorders. 2020 (https://ClinicalTrials.gov/show/NCT03855631).
Mansoori B, Sandoghchian Shotorbani S, Baradaran B. RNA interference
and its role in cancer therapy. Adv Pharm Bull. 2014;4(4):313-21.

Judge AD, et al. Confirming the RNAi-mediated mechanism of

action of siRNA-based cancer therapeutics in mice. J Clin Invest.
2009;119(3):661-73.

Bulbake U, et al. Liposomal Formulations in Clinical Use: An Updated
Review. Pharmaceutics. 2017;9(2):12.

Fukuhara H, Ino Y, Todo T. Oncolytic virus therapy: A new era of cancer
treatment at dawn. Cancer Sci. 2016;107(10):1373-9.

Haddad AF, et al. Immunologic aspects of viral therapy for glioblastoma
and implications for interactions with immunotherapies. J Neurooncol.
2021;152(1):1-13.

Hemminki O, Dos Santos JM, Hemminki A. Oncolytic viruses for cancer
immunotherapy. J Hematol Oncol. 2020;13(1):84.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 19 of 21

Cross D, Burmester JK. Gene therapy for cancer treatment: past, present
and future. Clin Med Res. 2006;4(3):218-27.

Jin KT, et al. Oncolytic Virotherapy in Solid Tumors: The Challenges and
Achievements. Cancers (Basel). 2021;13(4):588.

Russell SJ, Peng K-W, Bell JC. Oncolytic virotherapy. Nat Biotechnol.
2012;30(7):658-70.

Li L, et al. Delivery and Biosafety of Oncolytic Virotherapy. Front Oncol.
2020;10:475.

Coffin JM. Virions at the gates: receptors and the host-virus arms race.
PLoS Biol. 2013;11(5):1001574.

Sze DY, Reid TR, Rose SC. Oncolytic virotherapy. J Vasc Interv Radiol.
2013;24(8):1115-22.

Zheng M, et al. Oncolytic Viruses for Cancer Therapy: Barriers and
Recent Advances. Mol Ther Oncolytics. 2019;15:234-47.

Ning J, Rabkin SD. Chapter 19 - Current Status of Gene Therapy for
Brain Tumorss. 2015.

Chiocca EA, Rabkin SD. Oncolytic Viruses and Their Application to
Cancer Immunotherapy. Cancer Immunol Res. 2014;2(4):295-300.
Cook J, et al. Clinical activity of single-dose systemic oncolytic VSV
virotherapy in patients with relapsed refractory T-cell lymphoma. Blood
Adv. 2022;6(11):3268-79.

Clinic M, Institute NC. VSV-hIFNbeta-NIS With or Without Ruxolitinib
Phosphate in Treating Patients With Relapsed or Refractory Multiple
Myeloma, Acute Myeloid Leukemia, or T-cell Lymphoma. 2017 (https://
ClinicalTrials.gov/show/NCT03017820).

LLC O, NNPNMRCo Oncology. Open Multi-cohort Study of the First
Phase of Safety of a Drug Based on Double Recombinant Vaccinia Virus
VW-GMCSF-Lact. 2022 (https://ClinicalTrials.gov/show/NCT05376527).
Hospital ZC. H101 Combined With Camrelizumab for Recurrent Cervical
Cancer. 2022 (https://ClinicalTrials.gov/show/NCT05234905).

Pesonen S, Kangasniemi L, Hemminki A. Oncolytic Adenoviruses for the
Treatment of Human Cancer: Focus on Translational and Clinical Data.
Mol Pharm. 2011;8(1):12-28.

ThambiT, et al. Challenges and progress toward tumor-targeted
therapy by systemic delivery of polymer-complexed oncolytic adenovi-
ruses. Cancer Gene Ther. 2022;29(10):1321-31.

Wang X, Zhong L, Zhao Y. Oncolytic adenovirus: A tool for reversing the
tumor microenvironment and promoting cancer treatment (Review).
Oncol Rep. 2021;45(4):49.

Nemunaitis J, et al. A phase | trial of intravenous infusion of

ONYX-015 and enbrel in solid tumor patients. Cancer Gene Ther.
2007;14(11):885-93.

BV, OT, C.Research. First in Man Clinical Study to Evaluate Safety and
Tolerability of an Oncolytic Adenovirus in Prostate Cancer Patients. 2019
(https://ClinicalTrials.gov/show/NCT04097002).

Wallis B, et al. The Challenges and Prospects of p53-Based Therapies in
Ovarian Cancer. Biomolecules. 2023;13(1):159.

Chen G-X, et al. Clinical utility of recombinant adenoviral human p53
gene therapy: current perspectives. Onco Targets Ther. 2014;7:1901-9.
Zhang WW, et al. The First Approved Gene Therapy Product for

Cancer Ad-p53 (Gendicine): 12 Years in the Clinic. Hum Gene Ther.
2018;29(2):160-79.

Liang M. Oncorine, the World First Oncolytic Virus Medicine and its
Update in China. Curr Cancer Drug Targets. 2018;18(2):171-6.

Conry RM, et al. Talimogene laherparepvec: First in class oncolytic
virotherapy. Hum Vaccin Immunother. 2018;14(4):839-46.

Chawla SP, et al. A Phase |-l Study Using Rexin-G Tumor-Targeted Retro-
vector Encoding a Dominant-Negative Cyclin G1 Inhibitor for Advanced
Pancreatic Cancer. Molecular Therapy - Oncolytics. 2019;12:56-67.

Istari Oncology I, D, University. PVSRIPO in Recurrent Malignant Glioma.
2017 (https://ClinicalTrials.gov/show/NCT02986178).

Jacobson CA, Farooq U, Ghobadi A. Axicabtagene Ciloleucel, an Anti-
CD19 Chimeric Antigen Receptor T-Cell Therapy for Relapsed or Refrac-
tory Large B-Cell Lymphoma: Practical Implications for the Community
Oncologist. Oncologist. 2020;25(1):e138-46.

Freytag SO, et al. A novel three-pronged approach to kill cancer cells
selectively: concomitant viral, double suicide gene, and radiotherapy.
Hum Gene Ther. 1998:9(9):1323-33.

Rogulski KR, et al. Double suicide gene therapy augments the anti-
tumor activity of a replication-competent lytic adenovirus through


https://ClinicalTrials.gov/show/NCT05144386
https://ClinicalTrials.gov/show/NCT05143307
https://ClinicalTrials.gov/show/NCT05143307
https://ClinicalTrials.gov/show/NCT04819841
https://ClinicalTrials.gov/show/NCT05566223
https://ClinicalTrials.gov/show/NCT05566223
https://ClinicalTrials.gov/show/NCT04426669
https://ClinicalTrials.gov/show/NCT04426669
https://ClinicalTrials.gov/show/NCT03728322
https://ClinicalTrials.gov/show/NCT03728322
https://ClinicalTrials.gov/show/NCT04560790
https://ClinicalTrials.gov/show/NCT04560790
https://ClinicalTrials.gov/show/NCT04557436
https://ClinicalTrials.gov/show/NCT04557436
https://ClinicalTrials.gov/show/NCT04417764
https://ClinicalTrials.gov/show/NCT04417764
https://ClinicalTrials.gov/show/NCT03855631
https://ClinicalTrials.gov/show/NCT03017820
https://ClinicalTrials.gov/show/NCT03017820
https://ClinicalTrials.gov/show/NCT05376527
https://ClinicalTrials.gov/show/NCT05234905
https://ClinicalTrials.gov/show/NCT04097002
https://ClinicalTrials.gov/show/NCT02986178

Thoidingjam et al. Translational Medicine Communications

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

(2023) 8:11

enhanced cytotoxicity and radiosensitization. Hum Gene Ther.
2000;11(1):67-76.

Freytag SO, et al. Efficacy and toxicity of replication-competent
adenovirus-mediated double suicide gene therapy in combination
with radiation therapy in an orthotopic mouse prostate cancer model.
Int J Radiat Oncol Biol Phys. 2002;54(3):873-85.

Freytag SO, et al. Replication-competent adenovirus-mediated suicide
gene therapy with radiation in a preclinical model of pancreatic cancer.
Mol Ther. 2007;15(9):1600-6.

Freytag SO, Zhang Y, Siddiqui F. Preclinical toxicology of oncolytic
adenovirus-mediated cytotoxic and interleukin-12 gene therapy for
prostate cancer. Mol Ther Oncolytics. 2015;2:15006.

Freytag SO, Barton KN, Zhang Y. Efficacy of oncolytic adenovirus
expressing suicide genes and interleukin-12 in preclinical model of
prostate cancer. Gene Ther. 2013;20(12):1131-9.

Barton KN, et al. A model for optimizing adenoviral delivery in human
cancer gene therapy trials. Hum Gene Ther. 2007;18(6):562-72.

Barton KN, et al. Second-generation replication-competent onco-

lytic adenovirus armed with improved suicide genes and ADP gene
demonstrates greater efficacy without increased toxicity. Mol Ther.
2006;13(2):347-56.

Freytag SO, et al. Phase | study of replication-competent adenovirus-
mediated double suicide gene therapy for the treatment of locally
recurrent prostate cancer. Cancer Res. 2002;62(17):4968-76.

Freytag SO, et al. Phase | study of replication-competent adenovi-
rus-mediated double-suicide gene therapy in combination with
conventional-dose three-dimensional conformal radiation therapy for
the treatment of newly diagnosed, intermediate- to high-risk prostate
cancer. Cancer Res. 2003;63(21):7497-506.

Lu M, et al. Adaptive seamless design for an efficacy trial of replication-
competent adenovirus-mediated suicide gene therapy and radiation
in newly-diagnosed prostate cancer (ReCAP Trial). Contemp Clin Trials.
2011;32(3):453-60.

Barton KN, et al. Phase | trial of oncolytic adenovirus-mediated cyto-
toxic and interleukin-12 gene therapy for the treatment of metastatic
pancreatic cancer. Mol Ther Oncolytics. 2021,20:94-104.

Freytag SO, et al. Phase | Trial of Replication-competent Adenovirus-
mediated Suicide Gene Therapy Combined with IMRT for Prostate
Cancer. Mol Ther. 2007;15(5):1016-23.

System HFH. Study Combining Suicide Gene Therapy With Chemora-
diotherapy in the Treatment of Non-Metastatic Pancreatic Adenocarci-
noma. 2006 (https://ClinicalTrials.gov/show/NCT00415454).

Barton KN, et al. Phase | study of noninvasive imaging of adeno-
virus-mediated gene expression in the human prostate. Mol Ther.
2008;16(10):1761-9.

Benjamin Movsas MD, System HFH. Oncolytic Adenovirus-Mediated
Gene Therapy for Lung Cancer. 2017 (https://ClinicalTrials.gov/show/
NCT03029871).

System HFH. Phase 1 Trial of Interleukin 12 Gene Therapy for Locally
Recurrent Prostate Cancer. 2015 (https://ClinicalTrials.gov/show/NCT02
555397).

Mitchell LA, et al. Toca 511 gene transfer and treatment with the
prodrug, 5-fluorocytosine, promotes durable antitumor immunity in a
mouse glioma model. Neuro Oncol. 2017;19(7):930-9.

Oldfield EH, et al. Gene therapy for the treatment of brain tumors using
intra-tumoral transduction with the thymidine kinase gene and intrave-
nous ganciclovir. Hum Gene Ther. 1993;4(1):39-69.

Chen SH, et al. Gene therapy for brain tumors: regression of experimen-
tal gliomas by adenovirus-mediated gene transfer in vivo. Proc Natl
Acad Sci U S A. 1994,91(8):3054-7.

Freytag SO, et al. Prostate cancer gene therapy clinical trials. Mol Ther.
2007;15(6):1042-52.

Barton KN, et al. GENIS: gene expression of sodium iodide symporter
for noninvasive imaging of gene therapy vectors and quantification of
gene expression in vivo. Mol Ther. 2003;8(3):508-18.

Bi WL, et al. In vitro evidence that metabolic cooperation is responsible
for the bystander effect observed with HSV tk retroviral gene therapy.
Hum Gene Ther. 1993;4(6):725-31.

Huber BE, et al. Metabolism of 5-fluorocytosine to 5-fluorouracil in
human colorectal tumor cells transduced with the cytosine deaminase
gene: significant antitumor effects when only a small percentage of

102.

105.

106.

107.

108.

109.

110.

119.

122.

123.

125.

126.

Page 20 of 21

tumor cells express cytosine deaminase. Proc Natl Acad Sci U S A.
1994,91(17):8302-6.

Kim JH, et al. Selective radiosensitization of 9L glioma in the brain
transduced with double suicide fusion gene. Cancer J Sci Am.
1998;4(6):364-9.

Niittykoski M, et al. Immunohistochemical Characterization and
Sensitivity to Human Adenovirus Serotypes 3, 5,and 11p of New Cell
Lines Derived from Human Diffuse Grade Il to IV Gliomas. Transl Oncol.
2017;10(5):772-9.

Freeman SM, et al. The "bystander effect”: tumor regression when

a fraction of the tumor mass is genetically modified. Cancer Res.
1993;53(21):5274-83.

Kim JH, et al. Selective enhancement by an antiviral agent of the
radiation-induced cell killing of human glioma cells transduced with
HSV-tk gene. Cancer Res. 1994,54(23):6053-6.

Hamstra DA, et al. Enzyme/prodrug therapy for head and neck cancer
using a catalytically superior cytosine deaminase. Hum Gene Ther.
1999;10(12):1993-2003.

Black ME, et al. Creation of drug-specific herpes simplex virus type 1
thymidine kinase mutants for gene therapy. Proc Natl Acad Sci U S A.
1996;93(8):3525-9.

Freytag SO, et al. Prospective randomized phase 2 trial of intensity
modulated radiation therapy with or without oncolytic adenovirus-
mediated cytotoxic gene therapy in intermediate-risk prostate cancer.
Int J Radiat Oncol Biol Phys. 2014;89(2):268-76.

Freytag SO, et al. Five-year follow-up of trial of replication-competent
adenovirus-mediated suicide gene therapy for treatment of prostate
cancer. Mol Ther. 2007;15(3):636-42.

Conlon KC, Miljkovic MD, Waldmann TA. Cytokines in the Treatment of
Cancer. J Interferon Cytokine Res Offic J Int Soc Interferon Cytokine Res.
2019;39(1):6-21.

Berraondo P, et al. Cytokines in clinical cancer immunotherapy. Br J
Cancer. 2019;120(1):6-15.

Goldstein D, Laszlo J. The role of interferon in cancer therapy: a current
perspective. CA Cancer J Clin. 1988;38(5):258-77.

Dranoff G. Cytokines in cancer pathogenesis and cancer therapy. Nat
Rev Cancer. 2004;4(1):11-22.

Lee S, Margolin K. Cytokines in cancer immunotherapy. Cancers (Basel).
2011;3(4):3856-93.

Nicholas C, Lesinski GB. Immunomodulatory cytokines as therapeutic
agents for melanoma. Immunotherapy. 2011;3(5):673-90.

Sim GC, Radvanyi L. The IL-2 cytokine family in cancer immunotherapy.
Cytokine Growth Factor Rev. 2014;25(4):377-90.

Ardolino M, Hsu J, Raulet DH. Cytokine treatment in cancer immuno-
therapy. Oncotarget. 2015;6(23):19346-7.

Floros T, Tarhini AA. Anticancer Cytokines: Biology and Clinical Effects
of Interferon-a2, Interleukin (IL)-2, IL-15, IL-21, and IL-12. Semin Oncol.
2015/42(4):539-48.

WaldmannTA, Chen J. Disorders of the JAK/STAT Pathway in T Cell
Lymphoma Pathogenesis: Implications for Immunotherapy. Annu Rev
Immunol. 2017;35:533-50.

Waldmann TA. Cytokines in Cancer Immunotherapy. Cold Spring Harb
Perspect Biol. 2018;10(12):a028472.

Sharma P, Allison JP. The future of immune checkpoint therapy. Science.
2015;348(6230):56-61.

Siddiqui F, et al. Design considerations for incorporating sodium iodide
symporter reporter gene imaging into prostate cancer gene therapy
trials. Hum Gene Ther. 2007;18(4):312-22.

Brown SL, et al. Reporter gene imaging using radiographic contrast
from nonradioactive iodide sequestered by the sodium-iodide sym-
porter. Contrast Media Mol Imaging. 2007;2(5):240-7.

Kim KH, et al. A phase | clinical trial of Ad5.SSTR/TK.RGD, a novel
infectivity-enhanced bicistronic adenovirus, in patients with recurrent
gynecologic cancer. Clin Cancer Res. 2012;18(12):3440-51.

Alvarez RD, et al. Adenoviral-mediated suicide gene therapy for ovarian
cancer. Mol Ther. 2000;2(5):524-30.

Sangro B, et al. A phase | clinical trial of thymidine kinase-based gene
therapy in advanced hepatocellular carcinoma. Cancer Gene Ther.
2010;17(12):837-43.

Garcia-Carbonero R, et al. Phase |, multicenter, open-label study of intra-
venous VCN-01 oncolytic adenovirus with or without nab-paclitaxel


https://ClinicalTrials.gov/show/NCT00415454
https://ClinicalTrials.gov/show/NCT03029871
https://ClinicalTrials.gov/show/NCT03029871
https://ClinicalTrials.gov/show/NCT02555397
https://ClinicalTrials.gov/show/NCT02555397

Thoidingjam et al. Translational Medicine Communications

128.

129.

130.

132.

133.

134.

136.
137.

138.

139.

140.

(2023) 8:11

plus gemcitabine in patients with advanced solid tumors. J Immu-
nother Cancer. 2022;10(3):e003255.

Fueyo J, et al. Preclinical characterization of the antiglioma activity of a
tropism-enhanced adenovirus targeted to the retinoblastoma pathway.
JNatl Cancer Inst. 2003;95(9):652-60.

Jiang H, et al. Delta-24-RGD oncolytic adenovirus elicits anti-glioma
immunity in an immunocompetent mouse model. PLoS ONE.
2014;9(5):97407.

Lang FF, et al. Phase | Study of DNX-2401 (Delta-24-RGD) Oncolytic
Adenovirus: Replication and Immunotherapeutic Effects in Recurrent
Malignant Glioma. J Clin Oncol. 2018;36(14):1419-27.

Garcia M, et al. A Phase 1 Trial of Oncolytic Adenovirus ICOVIR-5 Admin-
istered Intravenously to Cutaneous and Uveal Melanoma Patients. Hum
Gene Ther. 2019;30(3):352-64.

RankiT, et al. Phase | study with ONCOS-102 for the treatment of solid
tumors - an evaluation of clinical response and exploratory analyses of
immune markers. J Immunother Cancer. 2016;4:17.

Zhou W, Wang X. Human gene therapy: A scientometric analysis.
Biomed Pharmacother. 2021;138:111510.

Administration USFaD. Approved Cellular and Gene Therapy Products.
2022. Available from: https:.//www.fda.gov/vaccines-blood-biologics/
cellular-gene-therapy-products/approved-cellular-and-gene-therapy-
products.

Das SK, et al. Gene Therapies for Cancer: Strategies, Challenges and
Successes. J Cell Physiol. 2015;230(2):259-71.

Misra S. Human gene therapy: a brief overview of the genetic revolu-
tion. J Assoc Physicians India. 2013;61(2):127-33.

Gongalves GAR, Paiva RMA. Gene therapy: advances, challenges and
perspectives. Einstein (Sao Paulo). 2017;15(3):369-75.

GmbH HB. A Phase 1/2 Study in Patients With HPV164 Recurrent/Meta-
static Head and Neck Squamous Cell Carcinoma and Other Cancers.
2019 (https://ClinicalTrials.gov/show/NCT04180215).

Pharmaceuticals I. INO-5401 and INO-9012 Delivered by Electropora-
tion (EP) in Combination With Cemiplimab (REGN2810) in Newly-Diag-
nosed Glioblastoma (GBM). 2018 (https://ClinicalTrials.gov/show/NCT03
491683).

Corporation N. Phase Ill Lucanix™ Vaccine Therapy in Advanced Non-
small Cell Lung Cancer (NSCLC) Following Front-line Chemotherapy.
2008 (https://ClinicalTrials.gov/show/NCT00676507).

Phase Il Trial of Allovectin-7® for Head and Neck Cancer. https://Clini
calTrials.gov/show/NCT00050388.

142. IncT. A Study of a Retroviral Replicating Vector Combined With a Prod-
rug Administered to Patients With Recurrent Malignant Glioma. 2010
(https://ClinicalTrials.gov/show/NCT01156584).

143. IncT.The Toca 5 Trial: Toca 511 &Toca FC Versus Standard of Care in
Patients With Recurrent High Grade Glioma. 2015 (https://ClinicalTrials.
gov/show/NCT02414165).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products
https://ClinicalTrials.gov/show/NCT04180215
https://ClinicalTrials.gov/show/NCT03491683
https://ClinicalTrials.gov/show/NCT03491683
https://ClinicalTrials.gov/show/NCT00676507
https://ClinicalTrials.gov/show/NCT00050388
https://ClinicalTrials.gov/show/NCT00050388
https://ClinicalTrials.gov/show/NCT01156584
https://ClinicalTrials.gov/show/NCT02414165
https://ClinicalTrials.gov/show/NCT02414165

	Oncolytic virus-based suicide gene therapy for cancer treatment: a perspective of the clinical trials conducted at Henry Ford Health
	Abstract 
	Gene therapy for cancer
	Introduction
	Immunotherapy
	Gene silencing
	Oncolytic virotherapy
	Suicide gene therapy

	Gene therapy clinical trials at Henry Ford Health
	Ad5-CDTKrep suicide gene therapy: first-generation adenoviral vector
	Ad5-yCDmutTKSR39rep-ADP suicide gene therapy: second-generation adenoviral vector
	Ad5-yCDmutTKSR39rep-mIL12 suicide gene therapy: third-generation adenoviral vector

	Challenges and future directions
	Summary
	Conclusions
	Acknowledgements
	References


