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Cystic Fibrosis
•CF is an autosomal recessive genetic 
disease caused by mutations in the CFTR 
gene
•1 in 20 Caucasians are carrier for mutations 
in CFTR; 1/2500 affected
•CF patients presents pancreatic 
insufficiency, increased NaCl sweat 
concentration, male infertility and airway 
disease (chronic infection and inflammation

Gene therapy
•Correction of 5-10% of CF- cells restore 
some function in animal models (Dorin JR et 
al., 1997)

Pharmacological approaches
•New anti-microbial strategies
•Anti-inflammatory

New targets
•Suppressor genes
•Immune cells



Cystic Fibrosis gene therapy: addition of a functional 
CFTR gene to target cells

Human CFTR locus (250 kb)



Recognizing that adenoviruses were trophic for the human airway epithelium, we realized that our in vivo gene transfer 
strategy would be ideal to transfer the human CFTR cDNA to the airway epithelium to treat cystic fibrosis. We quickly 
constructed an E1 - E3 - serotype 5 adenovirus gene transfer vector with an expression cassette that included the normal 
human CFTR cDNA under control of a constitutive promoter.

Around the same time that we were developing the in vivo
gene transfer methods to the lung using an E1 - E3- serotype
5 adenovirus, the cystic fibrosis transmembrane conductance
regulator (CFTR) gene was identified and characterized
(Kerem et al., 1989; Riordan et al., 1989; Rommens et al.,
1989). Recognizing that adenoviruses were trophic for the
human airway epithelium, we realized that our in vivo gene
transfer strategy would be ideal to transfer the human CFTR
cDNA to the airway epithelium to treat cystic fibrosis. We
quickly constructed an E1- E3- serotype 5 adenovirus gene
transfer vector with an expression cassette that included the
normal human CFTR cDNA under control of a constitutive
promoter. This led to a publication in Cell documenting ef-
fective gene transfer and expression of CFTR to the airway
epithelium in vivo (Fig. 3) (Rosenfeld et al., 1992).

The First Human Studies

With the successful demonstration of effective adenovirus-
directed expression of the normal human CFTR cDNA in the
airway epithelium of experimental animals, our laboratory in
the intramural program at the National Heart, Lung, and
Blood Institute, and laboratories led by Jim Wilson (initially
at Michigan and then at University of Pennsylvania) and
Mike Welsh at Iowa and his colleagues at Genzyme began to
seriously consider using adenovirus vectors in vivo to treat the
pulmonary manifestations of cystic fibrosis in humans. In a

FIG. 1. Schematic of a typical adenovirus gene transfer
vector genome. In an adenovirus vector, the early (E) genes
in the E1 region are deleted (to prevent replication) as is the
E3 region (to make more room for the expression cassette).
The inverted terminal repeats (ITR), packaging signal (w),
and the late (L) genes remain in the vector. The deletions
allow for an expression cassette of up to 7–8 kb. A typical
expression cassette, including a promoter, the transgene, and
stop/polyA sequences, is inserted into the deleted El region.
The construct is typically packaged in 293 cells, a cell line
that expresses the human adenovirus E1 region, thus pro-
viding the components necessary for replication. The vector
enters cells through the fiber interacting with the coxsackie-
adenovirus (CAR) receptor and secondary integrin (e.g.,
aVb3–5) receptors.

FIG. 2. The first example of effective in vivo gene transfer
using an adenovirus vector. Top: Examples from a notebook
in 1991 from the Crystal laboratory, Pulmonary Branch, the
National Heart, Lung, and Blood Institute, of a lung of a
cotton rat that had received intratracheal E1 - E3 - adeno-
virus coding for b-galactosidase under control of an RSV
promoter 7 days earlier. Shown is a control and with
AdRSVbgal vector. There is extensive b-galactosidase ex-
pression throughout the lung. Bottom: The publication in
Science was the first article describing effective in vivo gene
transfer with a recombinant replication-deficient adenovirus
(Rosenfeld et al., 1991).

FIG. 3. The publication in Cell demonstrating effective
in vivo transfer of the human cystic fibrosis transmembrane
conductance regulator (CFTR) cDNA to the epithelium of
cotton rats. The expression of the human CFTR protein in the
airway epithelium was detected by an antibody 2 weeks after
intratracheal administration of an E1- E3- serotype adeno-
virus vector expressing the human CFTR cDNA (Rosenfeld
et al., 1992).
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1992: Ad-CFTR in animal model

The publication in Cell demonstrating effective in vivo transfer of the human cystic fibrosis transmembrane
conductance regulator (CFTR) cDNA to the epithelium of cotton rats. The expression of the human CFTR protein in
the airway epithelium was detected by an antibody 2 weeks after intratracheal administration of an E1 - E3 - serotype
adenovirus vector expressing the human CFTR cDNA (Rosenfeld et al., 1992).
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In vivo transfer of the human cystic fibrosis transmembrane
conductance regulator gene to the airway epithelium.
Rosenfeld MA , Yoshimura K, Trapnell BC, Yoneyama K, Rosenthal ER, Dalemans W, Fukayama M, Bargon
J, Stier LE, Stratford-Perricaudet L, et al.

Abstract
Direct transfer of the normal cystic fibrosis (CF) transmembrane conductance regulator (CFTR)
gene to airway epithelium was evaluated using a replication-deficient recombinant adenovirus
(Ad) vector containing normal human CFTR cDNA (Ad-CFTR). In vitro Ad-CFTR-infected
CFPAC-1 CF epithelial cells expressed human CFTR mRNA and protein and demonstrated
correction of defective cAMP-mediated Cl- permeability. Two days after in vivo intratracheal
introduction of Ad-CFTR in cotton rats, in situ analysis demonstrated human CFTR gene
expression in lung epithelium. PCR amplification of reverse transcribed lung RNA demonstrated
human CFTR transcripts derived from Ad-CFTR, and Northern analysis of lung RNA revealed
human CFTR transcripts for up to 6 weeks. Human CFTR protein was detected in epithelial cells
using anti-human CFTR antibody 11-14 days after infection. While the safety and effectiveness
remain to be demonstrated, these observations suggest the feasibility of in vivo CFTR gene
transfer as therapy for the pulmonary manifestations of CF.
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The team:
Crystal NG at the National Heart, Lung, and Blood Institute, Jim Wilson 
(Pensilvania University), Mike Welsh at Iowa and his colleagues at Genzyme. 

In a historic (for the gene therapy field) meeting at the NIH DNA Recombinant 
Advisory Committee meeting on December 4, 1992, with over 200 scientists, media, 
venture capitalists, and representatives from pharma in the audience, all three groups 
had protocols approved. 

On April 16, 1993, a 23-year-old man with cystic fibrosis homozygous for the DF508 
mutation of the CFTR gene was the first human to undergo in vivo gene therapy with 
administration of an E1- E3-minus recombinant adenovirus vector coding for the 
normal human CFTR cDNA to the nasal epithelium. One day later, using a fiberoptic
bronchoscope, we administered 2 x 108 plaque-forming units of the same vector to the 
airway epithelium, an event that got worldwide media attention.

The Wilson and Welsh/Genzyme groups initiated their clinical studies soon afterward, 
with all three groups publishing their results within the next few years (Zabner et al., 
1993; Crystal et al., 1994; Zuckerman et al., 1999). 

The cystic fibrosis clinical trials started in 1993 



the first human gene therapy with a recombinant virus

historic (for the gene therapy field) meeting at the NIH DNA
Recombinant Advisory Committee meeting on December 4,
1992, with over 200 scientists, media, venture capitalists, and
representatives from pharma in the audience, all three groups
had protocols approved. One of the concerns discussed was
the theoretical risk for in vivo recombination of the E1- E3-

adenovirus with remnants of endogenous viral sequences,
generating a recombinant lethal virus that would infect the
community. As a precaution, we constructed two negative
pressure rooms in the NIH Clinical Center to contain any
recombinant viruses that might be generated. We were lucky
enough to win the race to be the first to use a recombinant
virus for in vivo gene therapy in a human. On April 16, 1993,
a 23-year-old man with cystic fibrosis homozygous for the
DF508 mutation of the CFTR gene was the first human to
undergo in vivo gene therapy with administration of an
E1- E3- recombinant adenovirus vector coding for the nor-
mal human CFTR cDNA to the nasal epithelium. One day
later, using a fiberoptic bronchoscope, we administered
2 · 108 plaque-forming units of the same vector to the airway
epithelium, an event that got worldwide media attention
(Fig. 4; Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/hum). The Wilson
and Welsh/Genzyme groups initiated their clinical studies
soon afterward, with all three groups publishing their results
within the next few years (Zabner et al., 1993; Crystal et al.,
1994; Zuckerman et al., 1999).

Limits Secondary to Antiadenovirus Immunity

After our initial Science article, our laboratory, along with
many others, carried out a number of studies showing that

adenovirus vectors were effective at transferring genes to
most organs in vivo (for a list of our adenovirus vector studies
from 1991 to present, see the Supplementary Material). In our
initial enthusiasm, however, we and others did not recognize
an important biologic fact that the human adenovirus is
highly immunogenic, and that this immunogenicity would
limit the time of expression, despite how highly efficient gene
transfer is by adenovirus (Yang et al., 1994; Worgall et al.,
1997; Hackett and Crystal, 2008; Hartman et al., 2008; Ne-
merow, 2009; Zaiss et al., 2009; Shayakhmetov, 2010; Thaci
et al., 2011). This was demonstrated by many laboratories in
experimental animals (Yang et al., 1996; Suzuki et al., 1998;
Hartman et al., 2008), and strikingly demonstrated to us in our
subsequent human study of repetitive airway epithelial gene
therapy for cystic fibrosis (Harvey et al., 1999). This study
demonstrated that we could achieve therapeutic levels of
CFTR mRNA in the airway epithelium of patients with cystic
fibrosis with the first administration, but this would quickly
wane, and subsequent administrations were limited by im-
munity against the vector, with reduced yield of expression
with each repeat of administration (Fig. 5). This combined
innate, humoral, and cellular immunity evoked by the ade-
novirus vectors was eventually recognized to be responsible
for the short, 1–2-week expression of adenovirus vectors ad-
ministered in vivo to immunocompetent experimental animals
and humans and was responsible for dose-limiting adverse
events (Yang et al., 1994, 1996; Jooss and Chirmule, 2003).

Circumventing Antiadenovirus Immunity

The initial approach by us and others to limit the im-
munity evoked by adenovirus vectors was to either remove

FIG. 4. The first human gene
therapy with a recombinant virus.
On April 16, 1993, at the Clinical
Center, NIH, a 23-year-old man
with cystic fibrosis received an
adenovirus coding for the normal
human CFTR cDNA to the nasal
epithelium. On the next day, the
patient underwent fiberoptic bron-
choscopy and 2 · 108 plaque-form-
ing units of the vector was
delivered through a catheter to the
bronchial epithelium. The airways
can be seen on the monitor. In the
photo, left to right: staff nurse de-
livering the vector via a syringe, G.
McElvaney, R. Crystal, staff nurse,
and J. Hay. Successful gene trans-
fer to the airway epithelium was
demonstrated by antihuman CFTR
antibody detection of CFTR before
(left) and 4 days after (right) vector
administration. The CFTR protein
is stained red (Rosenfeld et al.,
1992).
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On April 16, 1993, at the Clinical Center, NIH, a 23-year-old man 
with cystic fibrosis received an adenovirus coding for the normal 
human CFTR cDNA to the nasal epithelium. 
On the next day, the patient underwent fiberoptic bronchoscopy and 
2 x108 plaque-forming units of the vector was delivered through a 
catheter to the bronchial epithelium. 
The airways can be seen on the monitor. In the photo, left to right: 
staff nurse delivering the vector via a syringe, G. McElvaney, R. 
Crystal, staff nurse, and J. Hay. 

historic (for the gene therapy field) meeting at the NIH DNA
Recombinant Advisory Committee meeting on December 4,
1992, with over 200 scientists, media, venture capitalists, and
representatives from pharma in the audience, all three groups
had protocols approved. One of the concerns discussed was
the theoretical risk for in vivo recombination of the E1- E3-

adenovirus with remnants of endogenous viral sequences,
generating a recombinant lethal virus that would infect the
community. As a precaution, we constructed two negative
pressure rooms in the NIH Clinical Center to contain any
recombinant viruses that might be generated. We were lucky
enough to win the race to be the first to use a recombinant
virus for in vivo gene therapy in a human. On April 16, 1993,
a 23-year-old man with cystic fibrosis homozygous for the
DF508 mutation of the CFTR gene was the first human to
undergo in vivo gene therapy with administration of an
E1- E3- recombinant adenovirus vector coding for the nor-
mal human CFTR cDNA to the nasal epithelium. One day
later, using a fiberoptic bronchoscope, we administered
2 · 108 plaque-forming units of the same vector to the airway
epithelium, an event that got worldwide media attention
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available online at www.liebertpub.com/hum). The Wilson
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soon afterward, with all three groups publishing their results
within the next few years (Zabner et al., 1993; Crystal et al.,
1994; Zuckerman et al., 1999).
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After our initial Science article, our laboratory, along with
many others, carried out a number of studies showing that

adenovirus vectors were effective at transferring genes to
most organs in vivo (for a list of our adenovirus vector studies
from 1991 to present, see the Supplementary Material). In our
initial enthusiasm, however, we and others did not recognize
an important biologic fact that the human adenovirus is
highly immunogenic, and that this immunogenicity would
limit the time of expression, despite how highly efficient gene
transfer is by adenovirus (Yang et al., 1994; Worgall et al.,
1997; Hackett and Crystal, 2008; Hartman et al., 2008; Ne-
merow, 2009; Zaiss et al., 2009; Shayakhmetov, 2010; Thaci
et al., 2011). This was demonstrated by many laboratories in
experimental animals (Yang et al., 1996; Suzuki et al., 1998;
Hartman et al., 2008), and strikingly demonstrated to us in our
subsequent human study of repetitive airway epithelial gene
therapy for cystic fibrosis (Harvey et al., 1999). This study
demonstrated that we could achieve therapeutic levels of
CFTR mRNA in the airway epithelium of patients with cystic
fibrosis with the first administration, but this would quickly
wane, and subsequent administrations were limited by im-
munity against the vector, with reduced yield of expression
with each repeat of administration (Fig. 5). This combined
innate, humoral, and cellular immunity evoked by the ade-
novirus vectors was eventually recognized to be responsible
for the short, 1–2-week expression of adenovirus vectors ad-
ministered in vivo to immunocompetent experimental animals
and humans and was responsible for dose-limiting adverse
events (Yang et al., 1994, 1996; Jooss and Chirmule, 2003).

Circumventing Antiadenovirus Immunity

The initial approach by us and others to limit the im-
munity evoked by adenovirus vectors was to either remove

FIG. 4. The first human gene
therapy with a recombinant virus.
On April 16, 1993, at the Clinical
Center, NIH, a 23-year-old man
with cystic fibrosis received an
adenovirus coding for the normal
human CFTR cDNA to the nasal
epithelium. On the next day, the
patient underwent fiberoptic bron-
choscopy and 2 · 108 plaque-form-
ing units of the vector was
delivered through a catheter to the
bronchial epithelium. The airways
can be seen on the monitor. In the
photo, left to right: staff nurse de-
livering the vector via a syringe, G.
McElvaney, R. Crystal, staff nurse,
and J. Hay. Successful gene trans-
fer to the airway epithelium was
demonstrated by antihuman CFTR
antibody detection of CFTR before
(left) and 4 days after (right) vector
administration. The CFTR protein
is stained red (Rosenfeld et al.,
1992).
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Successful gene transfer to the airway epithelium 
was demonstrated by anti-human CFTR antibody 
detection of CFTR before (left) and 4 days after 
(right) vector administration. The CFTR protein is 
stained red (Rosenfeld et al., 1992).



Therapeutic levels of CFTR mRNA in the 
airway epithelium of patients with cystic 
fibrosis could be achieved with the first 
administration.
This would quickly wane, and subsequent 
administrations were limited by immunity 
against the vector, with reduced yield of 
expression with each repeat of administration.

the responsible adenovirus genes from the vectors (such as
the E2 and E4 genes and others) or add immune-suppressing
genes to be expressed by the adenovirus vector (Gao et al.,
1996; Raper et al., 1998; Weitzman, 2005; Bangari and
Mittal, 2006; Dharmapuri et al., 2009; Seregin and Amal-
fitano, 2009). However, despite the elegant design of the
molecular strategies to achieve this, these attempts to limit
antivector immunity proved fruitless: the adenovirus is too
immunogenic in humans, and the immune system too subtle
in its ability to recognize adenovirus epitopes (Hackett
et al., 2000; Weitzman, 2005; Yang et al., 2007; Dharma-
puri et al., 2009; Sack and Herzog, 2009; Thacker et al.,
2009; Ahi et al., 2011; Thaci et al., 2011). The only glimmer
of hope in creating a ‘‘stealth’’ adenovirus vector has been
the development of helper-dependent, so-called ‘‘gutless’’
adenovirus vectors, where all of the adenovirus genes are
removed, with the necessary genes to create the vector
provided by the producer cells (Kochanek et al., 2001;
Kushwah et al., 2007; Segura et al., 2008; Dharmapuri
et al., 2009; Thacker et al., 2009; Brunetti-Pierri and Ng,
2011; Vetrini and Ng, 2011). While the experimental animal
studies with these vectors are encouraging, the effectiveness
of ‘‘gutless’’ adenovirus vectors has not as yet been dem-
onstrated in human trials.

An alternative approach to providing longer-term gene
expression is based on the development of adenovirus vec-
tors of different serotypes. While the first adenovirus studies
were carried out with human serotype 5, and to a lesser

extent human serotype 2, subsequent studies have led to
identification of multiple adenovirus serotypes, both human
and nonhuman (Dobbelstein, 2003; Bangari et al., 2005;
Stone and Lieber, 2006). This led to the concept of ‘‘ser-
oswitch,’’ that is, to circumvent the antiadenovirus immu-
nity elicited by the initial administration of an adenovirus
gene transfer vector by administering an adenovirus vector
comprised of a different serotype carrying the same gene, a
strategy that is effective in experimental animals (Mas-
trangeli et al., 1996; Mack et al., 1997). However, while
seroswitch will provide another 1–2 weeks of expression,
antiadenovirus immunity against the second serotype will
obviate longer-term expression.

Capitalizing on Antiadenovirus Immunity

While the immunogenicity of the adenovirus as a gene
transfer vector limits the length of time of expression to a
few weeks, this can be leveraged for specific therapeutic
applications. First, short-term expression is ideal for clinical
applications in which the goal is to build new biologic
structures.

A good example is the use of adenovirus to express an-
giogenic genes such as vascular endothelial growth factor
(VEGF) in the myocardium to generate new coronary vas-
culature. In this application, the antivector immunity limits
expression of the VEGF to 1–2 weeks, which is ideal for
initiating angiogenesis and short enough to prevent excess
blood vessels and hemangioma formation (Mack et al.,
1998; Patel et al., 1999). Together with Todd Rosengart
(then a Weill Cornell cardiothoracic surgeon and now
Chairman of Surgery at Baylor), we carried out the first
human studies with direct administration to the heart of
individuals with diffuse coronary artery disease of an ade-
novirus vector coding for VEGF 121, one of the two iso-
forms of VEGF (Fig. 6) (Rosengart et al., 1999a,b, 2013). In
a new-generation strategy for cardiac angiogenesis, we are
initiating a double-blinded, placebo-controlled trial for
cardiac angiogenesis with a serotype 5 adenovirus coding
for all three isoforms of VEGF, a construct that is 10- to
100-fold more potent than any single isoform (Rosengart
et al., 1999a, 2013; Crystal et al., 2012). Another good
example of capitalizing on antivector immunity to limit
gene expression was our demonstration that intradermal
administration of an adenovirus coding for sonic hedgehog
would provide a burst of sonic hedgehog expression to
resting hair follicles, with the resulting induction of hair
growth (Fig. 7) (Sato et al., 1999).

Second, short-term expression is also ideal for applica-
tions where the goal is to destroy cells, as is the goal of
anticancer strategies. This approach has been used to deliver
directly to tumors cytotoxic genes, suicide genes that con-
vert prodrugs to cytotoxic drugs, and immune-related genes
to attract and/or activate local antitumor immunity (Wu
et al., 2005; Tagawa et al., 2008; Matthews et al., 2009;
Fukazawa et al., 2010; Aguilar et al., 2011; Aurisicchio and
Ciliberto, 2012; Duarte et al., 2012; Deisseroth et al., 2013).
Elegant molecular engineering strategies have been de-
signed to target such vectors specifically to tumors (Kanerva
et al., 2002; Hedley et al., 2006; Khare et al., 2011; Beatty
and Curiel, 2012; Hangalapura et al., 2012; Kaufmann and
Nettelbeck, 2012). Finally, with the recognition that

FIG. 5. Quantitative assessment of the airway epithelium
for the percentage of exogenous CFTR mRNA derived from
the adenovirus vector compared with endogenous CFTR
mRNA (individual’s own CFTR gene expression) as a
function of dose and time (baseline, days 3 and 30) after
endobronchial spray of the first administration (cycle 1),
second administration (cycle 2), and third administration
(cycle 3) of the vector. The dashed line represents the target
5% level of exogenous vector-derived CFTR mRNA, that is,
the level above which there should be sufficient levels of
normal CFTR mRNA to correct the defect. Each symbol
represents a different individual. Note that correction was
achieved 3 days after the first administration (vector-derived
mRNA levels all above the 5% level needed for correction),
but this wanes by 30 days. Repeat administration (cycle 2)
barely achieved this level, and the third administration re-
sulted in no vector-derived CFTR mRNA expression.
Adapted from Harvey et al. (1999).
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Quantitative assessment of the airway epithelium for the percentage of exogenous CFTR mRNA derived from the
adenovirus vector compared with endogenous CFTR mRNA (individual’s own CFTR gene expression) as a function of dose
and time (baseline, days 3 and 30) after endobronchial spray of the first administration (cycle 1), second administration
(cycle 2), and third administration (cycle 3) of the vector.
The dashed line represents the target 5% level of exogenous vector-derived CFTR mRNA, that is, the level above
which there should be sufficient levels of normal CFTR mRNA to correct the defect.
Each symbol represents a different individual. Note that correction was achieved 3 days after the first administration
(vector-derived mRNA levels all above the 5% level needed for correction), but this wanes by 30 days. Repeat
administration (cycle 2) barely achieved this level, and the third administration resulted in no vector-derived CFTR mRNA
expression. Adapted from Harvey et al. (1999).

Repetive treatment
Harvey, B.G., Leopold, P.L., Hackett, N.R., et al. (1999). Airway epithelial CFTR mRNA expression in 
cystic fibrosis patients after repetitive administration of a recombinant adenovirus. J. Clin. Invest. 
104, 1245–1255.



Immune response
Ad vectors induced potent immune responses upon systemic application 

Responses are directed against both the vector capsid and the low levels of Ad 
capsid proteins expressed from the vector

While gutless adenovirus vectors may be the answer, it is likely that the potent 
adenovirus capsid immunogens will outsmart the most clever vectorology. 

This limits transgene expression and reduces the capacity for vector re-
administration

Such vectors induced potent immune responses upon systemic applica4on.
Responses are directed against both the vector capsid and the low levels of Ad capsid proteins expressed from the 
vector. Induc4on of immune responses limits transgene expression and reduces the capacity for vector re-
administra4on. While the immunogenicity of these vectors may be reduced by the dele4on of addi4onal genes, the 
immunogenic nature of Ad vectors means that these viruses are be,er suited to applica2ons for which prolonged 
transgene expression is not required. The use of Ad vectors in vaccina4on to protect against a range of infec4ous 
pathogens has therefore proved to be a common strategy. 
A significant propor2on of gene therapy studies have also been designed to target cancers, where only short-term 
gene expression is required.



Capitalizing on antiadenovirus immunity
Short-term expression is ideal for clinical applications in which the goal is to build new 
biologic structures. 
Use of adenovirus to express angiogenic genes such as vascular endothelial growth factor 
(VEGF) in the myocardium to generate new coronary vasculature. In this application, the 
antivector immunity limits expression of the VEGF to 1–2 weeks, which is ideal for 
initiating angiogenesis and short enough to prevent excess blood vessels and hemangioma 
formation (Mack et al., 1998; Patel et al., 1999).

1997 - The first human studies with 
direct administration to the heart of 
individuals with diffuse coronary artery 
disease of an adenovirus vector coding 
for VEGF 121, one of the two isoforms 
of VEGF (Rosengart et al., 1999a,b, 
2013 

antiadenovirus immunity is vigorous, many groups have
made it even more so by generating replication-competent
adenoviruses as therapeutic strategies to treat cancer, that is,
to enlist the antiadenovirus immunity in killing cancer cells
(Short and Curiel, 2009; Eager and Nemunaitis, 2011;
Alemany, 2012; Cerullo et al., 2012; Russell et al., 2012;
Choi and Yun, 2013).

Third, we and others have leveraged the potent immunity
against the adenovirus to create vaccines against the trans-
gene (Krause and Worgall, 2011) or by inserting the antigen
in the capsid (Lasaro and Ertl, 2009; Thacker et al., 2009;
Matthews, 2011). We have also used this approach to de-
velop vaccines against bioterrorism agents, such as anthrax
and plague (Tan et al., 2003; Boyer et al., 2005; Hashimoto
et al., 2005; Kasuya et al., 2005; Boyer and Crystal, 2006;
Chiuchiolo et al., 2006; De et al., 2008; Sofer-Podesta et al.,
2009; Boyer et al., 2010; Van Blarcom et al., 2010). In a
variation of this approach, we have used adenovirus vectors
to code for a monoclonal antibody against a pathogen,
taking advantage of the rapid and robust adenovirus vector-
mediated gene expression (8–12 hr) to generate immunity
against a pathogen in a pandemic (Kasuya et al., 2005;
Chiuchiolo et al., 2006). In the most recent iteration of this
concept, we have developed vaccines against addictive
drugs (cocaine or nicotine) by covalently attaching an ana-
log of the addictive molecule to the adenovirus capsid
proteins, with effective generation of humoral immunity

against the addictive molecule (Hicks et al., 2011; Koob
et al., 2011; Wee et al., 2012; De et al., 2013).

Adenovirus Vectors in 2014

With thousands of articles published regarding adenovi-
rus vectors, and hundreds of human trials with adenovirus
vectors, what have we learned and what is the role of ade-
novirus vectors in the gene therapist’s armamentarium?

First, there is no question that the adenovirus is the most
effective means of delivering genes in vivo. Most human
cells express the coxsackie-adenovirus primary adenovirus
receptor as well as the secondary integrin receptors (Sharma
et al., 2009; Smith et al., 2010; Chen and Lee, 2013;
Wolfrum and Greber, 2013), and thus are easily infected
with adenovirus vectors, with consequent high of the
transgene expression. However, because of the immunity
evoked against the adenovirus capsid and low-level ex-
pression of adenovirus genes, the effective expression for
adenovirus vectors in vivo in humans peaks at 1 week and is
limited to about 2 weeks. This makes adenovirus vectors
ideal for when the desired expression is short-term, such as
for building new biologic structures. Adenovirus vectors can
also be used in therapies for cancer, where inducing im-
munity against the cancer or directly killing the cancer cell
is the goal. Finally, the combined immunity against the
adenovirus together with the short time of expression is
ideal for using the adenovirus as a platform for developing
vaccines.

Second, despite all of the efforts to circumvent antivector
immunity, we have learned that mother nature is smarter
than gene therapy adenovirologists, and we have not been
able to effectively circumvent the antiadenovirus immunity
by engineering stealth adenovirus vectors. While gutless
adenovirus vectors may be the answer, it is likely that the
potent adenovirus capsid immunogens will outsmart the
most clever vectorology.

Third, despite the concern over safety of using adenovirus
vectors in relation to secondary innate and adaptive immune
responses to the vectors, there is now extensive experience
with adenovirus vectors in many different clinical applica-
tions, and the dose and routes that are safe are now well
established (Crystal et al., 2002; Harvey et al., 2002; Journal

FIG. 6. The first human trial of inducing cardiac angio-
genesis with an adenovirus gene transfer vector. In 1997, we
initiated a clinical trial to treat individuals with diffuse
coronary artery disease with direct cardiac administration of
an adenovirus coding for vascular endothelial growth factor
(VEGF) 121 (Rosengart et al., 1999a,b, 2013). Clockwise,
left to right: T. Rosengart, R. Crystal, and K. Krieger.

FIG. 7. Induction of hair growth in a C57Bl/6 mouse 2
weeks after administration of an adenovirus vector coding
for sonic hedgehog. To visualize hair growth, the hair of the
mouse was bleached with blond hair dye to provide contrast
for assessing new growth of the natural black hair of the
mouse. The tuft of black hair is apparent (Sato et al., 1999).
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Noboru Sato, Philip L. Leopold, and Ronald G. Crystal. Induction of the hair growth phase
in postnatal mice by localized transient expression of Sonic hedgehog. J. Clin. Invest. 
104:855–864 (1999). 

Abstract
Hair follicles form in prenatal skin and mature in the postnatal period, establishing a growth
cycle in 3 phases: telogen (resting), anagen (growth), and catagen (regression). Based on the
knowledge that Sonic hedgehog (Shh) expression is necessary for the embryonic development of
hair follicles, and that anagen in the postnatal cycling follicle has morphologic similarities to the
epithelial invagination process in embryonic skin, we hypothesized that localized, but transient,
enhanced expression of the Shh gene in postnatal skin would accelerate initiation of anagen in the
hair follicle cycle, with concomitant accelerated hair growth. To assess this concept, an E1–
adenovirus vector, AdShh, was used to transfer the murine Shh cDNA to skin of postnatal day
19 C57BL/6 mice. The treated skin showed increased mRNA expression of Shh, Patched (the
Shh receptor), and Gli1 (a transcription factor in the Shh pathway). In mice receiving AdShh, but
not in controls, acceleration into anagen was evident, since hair follicle size and melanogenesis
increased and the hair-specific keratin ghHb-1 and the melanin synthesis–related tyrosinase
mRNAs accumulated. Finally, C57BL/6 mice showed marked acceleration of the onset of new
hair growth in the region of AdShh administration to skin 2 weeks after treatment, but not in
control vector–treated or untreated areas. After 6 months, AdShh-treated skin showed normal hair
and normal skin morphology. Together, these observations are consistent with the concept that
upregulation of Shh activity in postnatal skin functions as a biologic switch that induces resting
hair follicles to enter anagen with consequent hair growth.



inducing hair growth
Another good example of capitalizing on antivector immunity to limit gene 
expression was our demonstration that intradermal administration of an adenovirus 
coding for sonic hedgehog would provide a burst of sonic hedgehog 
(transcriptional activator) expression to resting hair follicles, with the resulting 
induction of hair growth (Sato et al., 1999).

antiadenovirus immunity is vigorous, many groups have
made it even more so by generating replication-competent
adenoviruses as therapeutic strategies to treat cancer, that is,
to enlist the antiadenovirus immunity in killing cancer cells
(Short and Curiel, 2009; Eager and Nemunaitis, 2011;
Alemany, 2012; Cerullo et al., 2012; Russell et al., 2012;
Choi and Yun, 2013).

Third, we and others have leveraged the potent immunity
against the adenovirus to create vaccines against the trans-
gene (Krause and Worgall, 2011) or by inserting the antigen
in the capsid (Lasaro and Ertl, 2009; Thacker et al., 2009;
Matthews, 2011). We have also used this approach to de-
velop vaccines against bioterrorism agents, such as anthrax
and plague (Tan et al., 2003; Boyer et al., 2005; Hashimoto
et al., 2005; Kasuya et al., 2005; Boyer and Crystal, 2006;
Chiuchiolo et al., 2006; De et al., 2008; Sofer-Podesta et al.,
2009; Boyer et al., 2010; Van Blarcom et al., 2010). In a
variation of this approach, we have used adenovirus vectors
to code for a monoclonal antibody against a pathogen,
taking advantage of the rapid and robust adenovirus vector-
mediated gene expression (8–12 hr) to generate immunity
against a pathogen in a pandemic (Kasuya et al., 2005;
Chiuchiolo et al., 2006). In the most recent iteration of this
concept, we have developed vaccines against addictive
drugs (cocaine or nicotine) by covalently attaching an ana-
log of the addictive molecule to the adenovirus capsid
proteins, with effective generation of humoral immunity

against the addictive molecule (Hicks et al., 2011; Koob
et al., 2011; Wee et al., 2012; De et al., 2013).

Adenovirus Vectors in 2014

With thousands of articles published regarding adenovi-
rus vectors, and hundreds of human trials with adenovirus
vectors, what have we learned and what is the role of ade-
novirus vectors in the gene therapist’s armamentarium?

First, there is no question that the adenovirus is the most
effective means of delivering genes in vivo. Most human
cells express the coxsackie-adenovirus primary adenovirus
receptor as well as the secondary integrin receptors (Sharma
et al., 2009; Smith et al., 2010; Chen and Lee, 2013;
Wolfrum and Greber, 2013), and thus are easily infected
with adenovirus vectors, with consequent high of the
transgene expression. However, because of the immunity
evoked against the adenovirus capsid and low-level ex-
pression of adenovirus genes, the effective expression for
adenovirus vectors in vivo in humans peaks at 1 week and is
limited to about 2 weeks. This makes adenovirus vectors
ideal for when the desired expression is short-term, such as
for building new biologic structures. Adenovirus vectors can
also be used in therapies for cancer, where inducing im-
munity against the cancer or directly killing the cancer cell
is the goal. Finally, the combined immunity against the
adenovirus together with the short time of expression is
ideal for using the adenovirus as a platform for developing
vaccines.

Second, despite all of the efforts to circumvent antivector
immunity, we have learned that mother nature is smarter
than gene therapy adenovirologists, and we have not been
able to effectively circumvent the antiadenovirus immunity
by engineering stealth adenovirus vectors. While gutless
adenovirus vectors may be the answer, it is likely that the
potent adenovirus capsid immunogens will outsmart the
most clever vectorology.

Third, despite the concern over safety of using adenovirus
vectors in relation to secondary innate and adaptive immune
responses to the vectors, there is now extensive experience
with adenovirus vectors in many different clinical applica-
tions, and the dose and routes that are safe are now well
established (Crystal et al., 2002; Harvey et al., 2002; Journal

FIG. 6. The first human trial of inducing cardiac angio-
genesis with an adenovirus gene transfer vector. In 1997, we
initiated a clinical trial to treat individuals with diffuse
coronary artery disease with direct cardiac administration of
an adenovirus coding for vascular endothelial growth factor
(VEGF) 121 (Rosengart et al., 1999a,b, 2013). Clockwise,
left to right: T. Rosengart, R. Crystal, and K. Krieger.

FIG. 7. Induction of hair growth in a C57Bl/6 mouse 2
weeks after administration of an adenovirus vector coding
for sonic hedgehog. To visualize hair growth, the hair of the
mouse was bleached with blond hair dye to provide contrast
for assessing new growth of the natural black hair of the
mouse. The tuft of black hair is apparent (Sato et al., 1999).
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Induction of hair growth in a C57Bl/6 mouse 2 weeks after administration of an 
adenovirus vector coding for sonic hedgehog. To visualize hair growth, the hair of the 
mouse was bleached with blond hair dye to provide contrast for assessing new growth 
of the natural black hair of the mouse. The tuft of black hair is apparent (Sato et al., 
1999).



other approaches
vaccine development

by taking advantage of the potent immunity against the adenovirus, 
vaccines have been created 
• against the transgene (Krause and Worgall, 2011) 
• or by inserting the antigen in the capsid (Lasaro and Ertl, 2009; Thacker 

et al., 2009; Matthews, 2011). 



Ad vectors to target cancers:
here only short-term gene 

expression is required

anti-cancer

Adenovirus vectors can also be used in therapies for cancer:
• inducing immunity against the cancer 
• or directly killing the cancer cells 



Ads against Cancer

Approach: inactivation of oncogenes and the addition of tumour suppressor 
genes or apoptosis-inducing genes. 

Limitation: require the successful transduction of each cell within the tumour, 
which is currently not feasible. 

Other Approaches

• Replication-deficient Ads with genes encoding secreted factors such as GM-CSF 
(granulocyte macrophage colony-stimulating factor) and IL-12 (interleukin-12) to 
stimulate cytotoxic effects towards the tumor. 

• Activation of apoptosis in non-transduced cells by soluble TRAIL (tumor-
necrosis-factor-related apoptosis inducin ligand) encoded by an Ad5 vector 
(bystander effect)



Effetto astante (bystander)

<< <<

The bystander effect would improve the effect of the medicinal treatment by 
transmission to other cells.
some example of bystander effect include: diffusion of cytotoxic drugs produced 
in cells transduced with suicide transgene



Oncolytic virotherapy



Cell lysis



Strategia IV: virus oncolitici

The oncolytic virotherapy is based on the concept that the viral life cycle is 
aborptive in normal cells but successfull in tumor cells. If this occurs, cancer 

cells are lysed whereas non-cancer cells survive

l





Virus oncolitici e p53

• p53 induce arresto della crescita cellulare e apoptosi in risposta al danno al DNA
• p53 induce apoptosi anche in risposta all’infezione virale, così da impedire la 

propagazione del virus ai tessuti circostanti 
• la proteina virale E1B-55kD blocca l’attività di p53, consentendo al virus di replicarsi
• Virus difettivi per E1B non riescono quindi a replicarsi nelle cellule normali perché è 

attiva p53, ma riescono a replicarsi selettivamente nelle cellule tumorali con p53 
inattivata
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adenoviral protein E4ORF6 also binds and inhibits
p53 (REF. 31). Several viral gene products might therefore
have to be altered to improve replicative selectivity.One
oncolytic virus, O1/PEME, has been reported to have
increased selectivity for cells with p53 defects29. This
virus contains a p53-regulated promoter that is placed
upstream of a gene, the product of which blocks E2F
and late viral gene transcription. E2F is a transcription
factor that is upregulated during G1 and activates the
transcription of numerous genes that are involved in
nucleic-acid metabolism — a process that is required
for viral replication. Adenoviral strains with modifica-
tions to the p300/CBP binding domain of E1A that
interfere with p53 function, and modifications in the
adenoviral death protein domain32 (E3-11.6 kDa),have
been shown to have increased levels of replication in
tumour cells, compared with ONYX-015.

Selectivity for cells with p53 defects could be a trait
that is inherent in a number of different viruses,because
of their unusual nucleic-acid secondary and tertiary
structure. In fact, cells with normal p53 function were
found to survive infection with adeno-associated virus
(AAV) and undergo G2/M arrest, whereas p53-defective
cells underwent apoptosis33. This implies that cells with
normal p53 function would be able to survive AAV infec-
tion and repair viral-induced damage before progressing
through the G2/M checkpoint,whereas tumour cells with
p53 defects would die. This G2/M arrest was the result of
the DNA-damage response to the AAV single-stranded
DNA structure (and not to AAV proteins or AAV gene
expression), and might be similar to the DNA-damage
response to chemotherapeutic agents such as etoposide33.
The response was associated with changes in the phos-
phorylation state of the cyclin-B–CDC2 kinase complex,
ultimately allowing the cell to make the transition
through the G2/M checkpoint and survive.

As several viruses possess nucleic acids with
unusual structures (such as single-stranded DNA
with hairpins, high GC content, double-stranded
RNA, bent regions, circles and lariats), they are likely
to have some degree of inherent selectivity for cells
with p53 defects. It would be interesting to learn if

viral replication and oncolytic activity27,29. Several stud-
ies have challenged the mechanism of ONYX-015
selectivity23–25, but this controversy has not yet been
completely resolved.

In fact, adenoviruses express several proteins that
affect the p53 signalling pathway. In addition to the
ability of E1B55kD to bind p53, the adenoviral protein
E1A binds and inhibits p300/CBP (CREB binding 
protein) — a co-activator of p53 activity30. The 

Box 1 | Viral life cycle

The life cycle of adenovirus or herpes simplex virus (HSV)-1 can be divided into
several stages. During the infection stage, viral surface proteins, such as the adenovirus
fibre or HSV glycoprotein D,mediate attachment to cellular receptors, such as
coxsackie and adenovirus receptor (CAR) or HSV entry mediator C (HVEC), also
known as nectin 1.Once inside the cell, viruses express several gene products that
target cellular proteins and modulate various cellular processes, such as preventing
apoptosis or inducing cell-cycle entry. These promote viral replication and production
of viral proteins that eventually lead to cell lysis and release of viral progeny. Each step
is mediated by a diverse group of proteins. Examples of viral proteins and their cellular
targets are provided.PKR,double-stranded, RNA-dependent protein kinase; RR,
ribonucleotide reductase.

N R i | C

Viral
replication

Adenovirus
fibre

CAR

HSV
glycoprotein D

HVEC

Adenovirus
E1B55kD

p53

Adenovirus
E1B19kD

BAX

Adenovirus
E1A-CR1

p300/CBP

Adenovirus
E4ORF6

p53

HSV1
ICP34.5

PKR

Adenovirus
E1A-CR1

p300/CBP

Viral protein Cellular 
receptor

Viral gene
product

Cellular 
apoptosis
target

Viral gene
product

Cell-cycle 
target

Adenovirus
E1A-CR2

RB family

HSV
UL39, UL40

RR

Infection

Cellular
apoptosis

Cell-cycle
functions

Cell death

Viral
progeny

Table 2 | Tumour-selective viral infection

Virus Redirected viral ligand Cellular target Effect References
Dual adenovirus Bispecific-antibody that binds EGFR Redirects viral 138
system*: adenovirus fibre to EGFR infection to EGFR-
AdsCAR-EGF + Δ24 expressing cells
Adenovirus: H1-loop in fibre of Ad modified Integrin Redirects viral 139
Ad5-Δ24RGD by incorporation of RGD infection to integrin-

expressing cells
Δ24or ONYX-015‡ Infusion of bispecific antibodies EGFR Redirects viral 140

to fibre and EGFR infection to EGFR-
expressing cells

Ad5/35 Fibre of adenovirus serotype 35 Unknown Redirects virus 141
substituted into adenovirus away from CAR and towards
serotype 5 an unidentified cellular

receptor expressed by human 
breast cancer cells

*Consists of a 1:1 mix of replication-defective, sCAR–EGFR-secreting adenovirus and the OV, AdΔ24 (REF. 47; also shown in FIG. 3). ‡Also
shown in FIG. 1. Ad, adenovirus; CAR, coxsackie and adenovirus receptor; EGF, epidermal growth factor; EGFR, epidermal growth-factor
receptor; OV, oncolytic virus.

Cocchia 2002

The life cycle of Ad or herpes simplex virus (HSV)-1 can be divided into several stages. 
During the infection stage, viral surface proteins, such as the adenovirus fibre or HSV glycoprotein D, mediate 
attachment to cellular receptors, such as coxsackie and adenovirus receptor (CAR) or HSV entry mediator C (HVEC), 
also known as nectin 1. 
Once inside the cell, viruses express several gene products that target cellular proteins and modulate various cellular 
processes, such as preventing apoptosis or inducing cell-cycle entry. 
These promote viral replication and production of viral proteins that eventually lead to cell lysis and release of viral 
progeny. Each step is mediated by a diverse group of proteins. Examples of viral proteins and their cellular targets are 
provided. PKR, double-stranded, RNA-dependent protein kinase; RR, ribonucleotide reductase.



Ad oncolitici la cui replicazione è limitata a cellule 
con p53 e Rb mutate

ITR

Y

E1AE1A promoter E1B

Ad Deleti per E1B (target p53 
ricontrolla) or

Ad con mutazioni in E1A (target co-
activator of p53- oppure Rb

tropismo ristretto ai tumori
Si replicano in maniera selettiva nelle cellule tumorali



Improving tumor selectivity: 1) tumor specific promoters 
driving expression of E1; 2) changing the receptor specificity 

restricting the infection to tumor-cells only

One approach to achieving tumour selective replication involves linking viral 
genes to promoters that are only functional in tumour cells. 

One tumour-specific promoter is derived from the gene that encodes alpha-
fetoprotein (AFP). AFP is expressed in several tissues during development, but in 
adult tissues its expression is limited to tumors of hepatic and intestinal origin.

In an adenoviral vector, this promoter can be used to regulate the expression of 
E1A. There is a 10 thousand-fold increase in the replication of this virus in AFP-
expressing cells, compared with AFP-negative cells

Intravenous administration in mice causes regression of AFP-positive tumours, 
such as hepatocellular carcinomas. 



I virus sono ingegnerizzati modificando le proteine virali di superficie che 
riconoscono recettori cellulari specifici, permettendo al virus di entrare in 

maniera selettiva solo nelle cellule tumorali.        

La selettività dei virus oncolitici per le cellule tumorali può essere 
incrementata  agendo sulla specificità di infezione

adaptor

fiber modification

adaptor

fiber modification



Cancer gene therapy and CAR down regulation

In molti tumori si osserva una down regolazione del recettore CAR 
rendendo le cellule resistenti all’infezione da adenovirus

Pseudotyping  con proteine delle fibre di Ad che non utilizzano CAR 
(Ad35-CD46 che è upregolato in molti tumori)



Strategia IV: virus oncolitici

The oncolytic virotherapy is based on the concept that the viral life cycle is 
aborptive in normal cells but successfull in tumor cells. If this occurs, cancer 

cells are lysed whereas non-cancer cells survive

l



La selettività per la replicazione può essere ottenuta :

•utilizzando promotori specifici

•modificando i geni virali richiesti per una efficiente replicazione 

La selettività dei virus oncolitici per le cellule tumorali può essere 
incrementata agendo sulla replicazione
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2. Biology, Species Types, Infection and Toxicity

Adenoviruses are non-enveloped DNA viruses in the Adenoviridae family. These
viruses were first discovered by Rowe et al. in human adenoid tissues in 1953, which is why
they are called ‘adenoviruses’ [11]. Adenovirus infection is typically mild for most people,
but it can be very dangerous, even life-threatening, especially for immunocompromised
individuals. Adenoviruses (AdVs) have a size of 80–100 nm and an icosahedral capsid.
They contain linear double-stranded DNA with a genomic size ranging from 26 to 48 kb
across the Adenoviridae family [12]. The adenovirus genome is flanked by inverted terminal
repeats (ITR) [13], and it also contains a packaging signal ( ) located on the left arm, which
is crucial for viral genome packaging. The icosahedral capsid is made up of 252 capsomeres:
240 hexons (capsid protein II) forming the faces of capsid and 12 penton bases (capsid
protein III) at the vertices help to cap the icosahedron’s corners. The protruding fibers
(capsid protein IV) connected to each penton base help the virus attach to the host cell using
its surface receptor [14]. Figure 1 highlights some of these features on the adenovirus capsid.
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Figure 1. Highlights of adenovirus capsid features with overview of viral genome. In the top
right corner, the species (A–G) of AdVs with their known tropism are indicated. The schematic
representation of the gene map is for understanding purposes only and is not normalized for actual
gene size. Kb: kilobases; mu: map unit. Created with BioRender.com (accessed on 1 December 2023).

Adenovirus assembly happens in the following sequential order: (1) Empty capsids
(procapsids) are formed with capsomers (hexons, penton bases, and fibers) and some minor
capsid proteins, along with unstructured proteins. (2) The viral genome binds to packaging
proteins (IVa2, L4 33K, L1 52/55K, and L4 22K) via the packaging signal within the left ITR.
(3) The viral genome is enclosed within the procapsid via a unique vertex portal, leading
to the release of scaffolding and some packaging proteins. (4) Precursor proteins (pIIIa,
L1 52/55K, pVI, pVII, pVIII, mu, and pTP) are cleaved by the adenovirus protease (AVP),

The Adenovirus

Trivedi et al 2023
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cloning recombination or using Escherichia coli (E. coli) cells for genome engineering [2]. 
Numerous approaches are discussed as below: 

(i) The traditional method/homologous recombination: The classical method for obtain-
ing E1-deleted rAdVs involves homologous recombination of two DNA vectors. One 
vector contains a sequence mapping to the gene of interest at the left end of the ade-
novirus genome, while the other carries a sequence overlapping the 3′ viral segment 
and extending to the adenovirus genome’s right ITRs. This method is mostly used 
for generating FGAdV. This recombination process takes place in E-1-expressing cells 
such as HEK-293 cells. However, this laborious method is very inefficient in terms of 
recombination events and time consumption [50]. 

(ii) Cre-LoxP-mediated recombination: To overcome limitations of the classical method, 
a Cre-lox site-specific recombination approach was developed. It involves three com-
ponents: (a) a recombinant adenovirus with two loxP sites; (b) a shuttle vector con-
taining ITR, an expression cassette, a packaging signal, and a loxP site; and (c) a 293-
Cre cell line expressing Cre-recombinase. Transfection of the shuttle vector, contain-
ing the gene of interest and viral DNA, into a 293-Cre cell creates an adenovirus ge-
nome capable of replication, but it cannot be packaged. Recombination occurs be-
tween the loxP sites of the generated adenovirus genome and the shuttle vector, 
yielding the desired recombinant adenovirus. One drawback is the presence of 

Figure 2. Represents an overview of the scope of the modifications and packaging capacity of rAdV
vectors. Red delta signifies the possibility of gene deletion for creating multi-generational rAdVs. The
suggested approximate insert size of the gene of interest (GOI) depends on the specific application.
Early and late genes are explained in previous sections. The schematic representation of the gene
map is for understanding purposes only and is not normalized for actual gene size. Kb: kilobases;
mu: map unit Created with BioRender.com (accessed on 1 December 2023).

4. Recombinant Adenovirus Vector Production Methods

The generation of rAdV vectors typically involves techniques such as straightforward
cloning recombination or using Escherichia coli (E. coli) cells for genome engineering [2].
Numerous approaches are discussed as below:
(i) The traditional method/homologous recombination: The classical method for ob-

taining E1-deleted rAdVs involves homologous recombination of two DNA vectors.
One vector contains a sequence mapping to the gene of interest at the left end of
the adenovirus genome, while the other carries a sequence overlapping the 30 viral
segment and extending to the adenovirus genome’s right ITRs. This method is mostly
used for generating FGAdV. This recombination process takes place in E-1-expressing
cells such as HEK-293 cells. However, this laborious method is very inefficient in
terms of recombination events and time consumption [50].

(ii) Cre-LoxP-mediated recombination: To overcome limitations of the classical method,
a Cre-lox site-specific recombination approach was developed. It involves three
components: (a) a recombinant adenovirus with two loxP sites; (b) a shuttle vector
containing ITR, an expression cassette, a packaging signal, and a loxP site; and (c) a 293-
Cre cell line expressing Cre-recombinase. Transfection of the shuttle vector, containing
the gene of interest and viral DNA, into a 293-Cre cell creates an adenovirus genome
capable of replication, but it cannot be packaged. Recombination occurs between
the loxP sites of the generated adenovirus genome and the shuttle vector, yielding
the desired recombinant adenovirus. One drawback is the presence of parental

Adenoviral vectors

Trivedi et al 2023
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Figure 1. Mechanisms of action of oncolytic viruses. The replication of virus inside the tumor cell 
triggers immunogenic cell death (ICD), followed by release of tumor antigens that activate the im-
mune system, remodeling of TME, activation of the antiangiogenic mechanisms, increase in viral 
replication in tumor-mutated cells, and spread of the viral infection to other tumor cells [9,55–58] 
(BioRender.com). 

OVs, naturally, or due to genetically engineered modifications, exhibit tumor selec-
tivity, replicate preferentially in cancer cells by targeting receptors on the surface of ma-
lignant cells, and cause intracellular aberrations within pathways and gene expression in 
cancer cells but do not affect healthy cells [59,60]. OVs can infect healthy cells, but they 
exhibit mechanisms for inhibiting viral spread, which are usually deficient in cancer cells 
[40].Thus, in a VSV infection, normal cells can produce type I IFN to prevent viral repli-
cation, but most cancer cells have deficient type I IFN signaling [61,62]. It was shown that 
the Semliki virus infection induces, in tumor cells, the secretion of WNT ligands (WNT2B 
and WNT9B) and the stabilization of β-catenin (CTNNB1), and it decreases the expression 
of IFNB1 in a feedback mechanism, favoring the attenuation of host antiviral response 
[63].Some studies have reported that two mouse cell lines (NR6 and B82), expressing no 
epidermal growth factor receptors (EGFR), were relatively resistant to reovirus infection, 
but the same cell lines transfected with the gene encoding EGFR express significantly 
higher susceptibility. This enhancement of infection efficiency requires a functional EGFR 
since it was not observed in cells expressing a mutated EGFR as in tumor cells [64,65]. 
Oncogenic viral infections, such as HPV, HCV, and KSHV, have developed mechanisms 
to attenuate tumor suppressor genes, such as p53 and RB, during infection to promote 
viral proliferation, emphasizing the importance of these gatekeeper genes in controlling 
viral infection [66–68]. 

The main antitumoral mechanisms employed by OVs are as follows: (i) Direct tumor 
lysis; (ii) TME remodeling with activation of antitumor activity; (iii) Gene targeting by 
OVs; (iv) Disruption and remodeling of the vascular system at the tumor site; (v) metabolic 

Figure 1. Mechanisms of action of oncolytic viruses. The replication of virus inside the tumor
cell triggers immunogenic cell death (ICD), followed by release of tumor antigens that activate the
immune system, remodeling of TME, activation of the antiangiogenic mechanisms, increase in viral
replication in tumor-mutated cells, and spread of the viral infection to other tumor cells [9,55–58]
(BioRender.com).

OVs, naturally, or due to genetically engineered modifications, exhibit tumor selectiv-
ity, replicate preferentially in cancer cells by targeting receptors on the surface of malignant
cells, and cause intracellular aberrations within pathways and gene expression in cancer
cells but do not affect healthy cells [59,60]. OVs can infect healthy cells, but they exhibit
mechanisms for inhibiting viral spread, which are usually deficient in cancer cells [40].
Thus, in a VSV infection, normal cells can produce type I IFN to prevent viral replication,
but most cancer cells have deficient type I IFN signaling [61,62]. It was shown that the
Semliki virus infection induces, in tumor cells, the secretion of WNT ligands (WNT2B and
WNT9B) and the stabilization of �-catenin (CTNNB1), and it decreases the expression of
IFNB1 in a feedback mechanism, favoring the attenuation of host antiviral response [63].
Some studies have reported that two mouse cell lines (NR6 and B82), expressing no epi-
dermal growth factor receptors (EGFR), were relatively resistant to reovirus infection, but
the same cell lines transfected with the gene encoding EGFR express significantly higher
susceptibility. This enhancement of infection efficiency requires a functional EGFR since it
was not observed in cells expressing a mutated EGFR as in tumor cells [64,65]. Oncogenic
viral infections, such as HPV, HCV, and KSHV, have developed mechanisms to attenuate
tumor suppressor genes, such as p53 and RB, during infection to promote viral proliferation,
emphasizing the importance of these gatekeeper genes in controlling viral infection [66–68].

The main antitumoral mechanisms employed by OVs are as follows: (i) Direct tu-
mor lysis; (ii) TME remodeling with activation of antitumor activity; (iii) Gene target-
ing by OVs; (iv) Disruption and remodeling of the vascular system at the tumor site;

Oncolytic viruses
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Promotore prostata-specifico: tropismo ristretto a cellule prostatiche, l’assenza di E1B rende 
il virus capace di innescare il ciclo litico solo in cellule tumorali prive di attività Rb
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The ONYX 015
The first oncolytic virus, ONYX-015 aka DL1520, was developed as a 
defective AdV with deletion in E1B55k subunit. It selectively targeted 
and destroyed human cancer cells with non-functional p53 genes. 
Clinical trials for head and neck cancer treatment were conducted, 
but ONYX-015 had to be directly injected into tumors due to its high 
intravenous toxicity, limiting its use to large tumors only. 
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ONYX-015, an ElB gene-attenuated adenovirus, causes 
tumor-specific cytolysis and antitumoral efficacy that can be 

augmented by standard chemotherapeutic agents 
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The 55-kilodalton (kDa) protein from the E1 8-region of adenovirus binds to and inactivates the 
p53 gene, which is mutated in half of human cancers. We have previously shown that the repli-
cation and cytopathogenicity of an E18, 55-kDa gene-attenuated adenovirus, ONYX-015, is 
blocked by functional p53 in RKO and U20S carcinoma lines. We now report that normal human 
cells were highly resistant to ONYX-015-mediated, replication-dependent cytolysis. In contrast, a 
wide range of human tumor cells, including numerous carcinoma lines with either mutant or 
normal p53 gene sequences (exons 5-9), were efficiently destroyed. Antitumoral efficacy was 
documented following intratumoral or intravenous administration of ONYX-015 to nude mouse-
human tumor xenografts; efficacy with ONYX-015 plus chemotherapy (cisplatin, 5-fluorouracil) 
was significantly greater than with either agent alone. 

The vast majority of solid tumors are incurable in the advanced 
stages. The efficacy of chemotherapy is limited by the relatively 
narrow difference in therapeutic index between cancer cells and 
normal cells. Radiotherapy and chemotherapeutic agents can in-
duce responses in some carcinomas, but resistance to these 
modalities almost universally occurs. One mechanism by which 
tumor cells can become resistant to standard therapies appears 
to be through p53 gene mutation and/or deletion'-'. p53 is mu-
tated in roughly 50% of all human cancers, including non-small 
cell lung (60%), colon (50%), breast (40%), head and neck (60%) 
and ovarian (60%) cancers in the advanced stages'-'. Loss of p53 
function is associated with resistance to chemotherapy and/or 
decreased survival in numerous tumor types, including breast, 
colon, bladder, ovarian and non-small cell lung cancers'-'. 
Therefore, effective therapies for tumors that lack functional p53 
are clearly needed. 

p53 mediates cell-cycle arrest and/or apoptosis in response to 
DNA damage (for example, due to chemotherapy or radiation) or 
foreign DNA synthesis (for example, during virus replication)'-n. 
Consequently, DNA tumor viruses such as adenovirus, SV 40 and 
human papilloma virus encode proteins that inactivate p53 and 
thereby allow efficient viral replication''12

'
13

• For example, the 55-
kilodalton (kDa) protein from the E1B-region of adenovirus 
binds and inactivates p53 (ref. 14). Because p53 function must be 
blocked in order to allow efficient virus replication, we hypothe-
sized that an adenovirus lacking E1B, 55-kDa gene expression 
might be severely limited in its replication in normal cells; how-
ever, cancer cells that lack p53 function should support virus 
replication and cell lysis. We studied the replication and cyto-
pathic effects of wild-type adenovirus and ONYX-015 in vitro in a 
pair of cell lines that are identical except for p53 function: the 
RKO human colon cancer cell line with normal p53 function 
(the parent line), and an RKO subclone transfected with domi-
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nant-negative p53 (ref. 15). As predicted, ONYX-015 replicated 
as efficiently as wild-type adenovirus in the subclone lacking 
functional p53, whereas cytopathic effects with ONYX-015 were 
reduced by approximately two orders of magnitude in the parent 
tumor line harboring normal p53 (ref. 16). We subsequently 
showed that a tumor cell line that is resistant to ONYX-015 be-
cause of normal p53 function (UZOS) could be made sensitive to 
ONYX-015 through transfection and expression of the E1B, 55-
kDa gene. Therefore, ONYX-015 is able to replicate selectively in 
p53-deficient cancer cells because of a deletion in the ElB, 55-
kDa gene''. 

In the present study, we carried out in vitro and in vivo experi-
ments with ONYX-015, demonstrating its potential as an antitu-
moral agent. Primary (nonimmortalized) human endothelial 
cells, fibroblasts, and small airway and mammary epithelial cells 
were shown to be highly resistant to virus replication and cytol-
ysis. Replication-dependent cytopathic effects were demon-
strated in human tumor cell lines of many different histologies 
following infection with ONYX-015. Tumor cells with p53 ab-
normalities resulting from several distinct mechanisms (p53 
gene mutation and/or deletion, p53 degradation by human pa-
pilloma virus E6 protein) were shown to be destroyed by ONYX-
015. In addition, several carcinoma lines with normal p53 gene 
sequence, including two chemotherapy-resistant ovarian cancer 
subclones, were efficiently lysed. We subsequently demon-
strated that ONYX-015 has significant in vivo antitumoral activ-
ity against human tumor xenografts in nude mice following 
intratumoral or intravenous injection; the in vivo efficacy 
against each tumor type correlated with the in vitro sensitivity of 
the cell line to ONYX-015. Finally, antitumoral efficacy was sig-
nificantly better with the combination of ONYX-015 and 
chemotherapy [cisplatin or 5-fluorouracil (5-FU)] than with ei-
ther agent alone. 
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Studi clinici di terapia dei tumori con adenovirus oncolitici
(ONYX-015)
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adenoviruses to disable the activation of apoptotic pathway when host
cell shifts to S phase in the lytic infection. When E1B 55K activity is
removed, the replication in normal cells is blocked, allowing only replica-
tion in p53-deficient cells. In malignant cells the viral proliferation leads
to oncolysis, which is used as a cancer therapy to treat solid tumours
(Fig. 5).

In 2004, Ark Therapeutics Group plc received the first commercial
GMP Certification in the EU for themanufacture of commercial supplies
of gene-based medicines (Cerepro®). Cerepro® is an adenoviral vector
harbouring the gene for the Herpes simplex virus thymidine kinase
(HSV-tk), developed by Ark Therapeutics Group plc and intended for
the treatment of malignant brain tumours (Wirth et al., 2009). HSV-tk
is a so called pro-drug activating enzyme that converts the nucleotide an-
alogue Ganciclovir (GCV) to GCV-monophosphate. GCV-monophosphate
is further converted by cells own kinases to GCV-diphosphate and finally
to its toxic metabolite GCV-triphosphate (Moolten and Wells, 1990;
Wirth et al., 2009). GCV-triphosphate is cytotoxic and results in the
inhibition of the DNA polymerase thus preventing DNA replication.
The clinical efficacy of Cerepro® was evaluated in two separate phase
II clinical trials; a phase IIa trial, and a phase IIb trial (Immonen et al.,
2004; Sandmair et al., 2000). In 2008, Cerepro® became the first and
so far the only adenoviral vector that has completed a phase III clinical
trial (Wirth et al., 2009). Therein, the HSV-tk adenoviral vector was

injected into the walls of the tumour cavity of glioma patients after sur-
gical resection of the tumour (Fig. 6).

In addition, promising results have also been shown in recent gene
therapy clinical trials including Leber's congenital amaurosis (Maguire
et al., 2009), β-thalassemia (Cavazzana-Calvo et al., 2010; Jessup et al.,
2011), X-linked severe combined immunodeficiency (SCID-X1)
(Hacein-Bey-Abina et al., 2010) and ADA-SCID (Aiuti et al., 2009),
haemophilia B (Jessup et al., 2011) and Wiskott-Aldrich syndrome
(Boztug et al., 2010).

Finally, in July 19th 2012, the EMA recommended for the first time
a gene therapy product (Glybera) for approval in the European Union.
Glybera, originally developed by Amsterdam Molecular Therapeutics
and now marketed by UniQure, is an adeno-associated viral vector
engineered to express lipoprotein lipase in the muscle tissue for the
treatment of severe lipoprotein lipase deficiency. Interestingly, Glybera
had failed three times to receive a positive recommendation for approval
by the Committee on Human Medicinal Products (CHMP), the institu-
tionwhich gives thefinal recommendations formarketing authorization
in the EU, before the latest positive decision. This case exemplifies that
gene therapy basedmedicines have been demanding products to devel-
op, not only technically, but also from the regulatory perspective. A
recent editorial describes some of the challenges that have existed in
the regulatory process of gene therapy products (Yla-Herttuala, 2012).

Fig. 4. Different gene transfer vectors used in clinical settings. Adenoviral, retroviral and naked plasmid/DNA have been the most commonly used gene transfer vectors.
Source: The Journal of Gene Medicine, Wiley and Sons (http://www.abedia.com/wiley/index.html).

Fig. 5. Mechanism of action of Oncorine™. A deletion in E1B 55K region restricts the virus to bind and inactivate wild-type p53 protein resulting in the replication in p53-deficient
cells only.

166 T. Wirth et al. / Gene 525 (2013) 162–169

OncorineTM is a conditionally replicative adenovirus. It was developed by Sunway Biotech Co. 
Ltd and gained marketing approval in China in 2005 in combination with chemotherapy for the 

treatment of late-stage refractory nasopharyngeal cancer. OncorineTM contains a deletion in E1B 
55K region, which restricts the virus to bind and inactivate wild-type p53 protein

The only difference between the Chinese and American viruses is a slightly larger deletion in 
H101’s E3 gene, which affects immune response.
Part of H101’s success may be due to not treating manageable patient fevers in the phase III 
trial. After observing a high rate of responses in such patientsin a phase II study, it was 
reasoned that higher body temperature should aid viral replication and enhance the anti-
cancer immune response. 
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Table 1 Current and recently completed oncolytic virotherapy trials
Virus Name Modifications Phase Tumor Route Combination Site Status (PubMed reference)

Adenovirus Oncorine (H101) E1B-55k- 2 SCCHN IT Cisplatin Multicenter Completed, PMID: 14693057
E3- 3 SCCHN IT Cisplatin Multicenter Completed, PMID: 15601557

Onyx-015 E1B-55k- 1 Lung Mets IV – Mutlicenter Completed, PMID: 11420638
E3B- 1 Glioma Intracavity – Mutlicenter Completed, PMID: 15509513

1 Ovarian cancer IP – Mutlicenter Completed, PMID: 11896105
1 SCCHN IT – Multicenter Completed, PMID: 10741699
1 Solid tumors IV Enbrel Mary Crowley Completed, PMID: 17704755
1 Sarcoma IT Mitomycin-C Mayo Clinic Completed, PMID: 15647767

Dox, cisplatin
1/2 PanCa IT Gemzar UCLA Completed, PMID: 12576418
2 CRC IV – Mutlicenter Completed, PMID: 12697873
2 Hepatobiliary IT – Montefiore Completed, PMID: 12576437
2 CRC, PanCa IA – Mutlicenter Completed, PMID: 12414631
2 SCCHN IT – Multicenter Completed, PMID: 11208818
2 SCCHN IT Cisplatin, 5-FU Multicenter Completed, PMID: 10932224
2 CRC IV 5-FU/leucovorin Stanford Completed, PMID: 15803147

CG7060 PSA control 1 Prostate cancer IT RT Johns Hopkins Completed, PMID: 11606381

CG7870/CV787 Rat probasin-E1A 1/2 Prostate cancer IV – Multicenter Completed, PMID: 16690359
hPSA-E1B 1/2 Prostate cancer IV Docetaxel Mary Crowley Terminated, 2005

E3+

CG0070 E2F-1, GM-CSF 2/3 Bladder cancer Intracavity – UCSF Not yet open, PMID: 16397056

Telomelysin hTERT 1 Solid tumors IT – Mary Crowley Completed, PMID: 19935775

Ad5-CD/TKrep CD/TK 1 Prostate cancer IT 5-FC & GCV Henry Ford, Detroit Completed, PMID: 12208748
1 Prostate cancer IT 5-FC+GCV+RT Henry Ford, Detroit Completed, PMID: 14612551

Ad5-D24-RGD RGD, Delta-24 1 Ovarian cancer IP – UAB Completed, PMID: 20978148
1 Glioma IT – MD Andersen Recruiting

1/2 Glioma IT – Erasmus Medical 
Center

Recruiting

Ad5-SSTR/TK-RGD SSTR, TK, RGD 1 Ovarian cancer IP GCV UAB Active, PMID: 16397056

CGTG-102 Ad5/3, GM-CSF 1/2 Solid tumors IT – Baylor Not open, PMID: 20664527
Delta-24 1 Solid tumors IT/IV Metronomic  

CTX
Docrates Hospital 
Helsinki

Recruiting

INGN-007 wtE1a, ADP 1 Solid tumors IT – Mary Crowley Not open, PMID: 19197324
(VRX-007)

ColoAd1 Ad3/11p 1/2 CRC, HCC – PsiOxus Not open, PMID: 18560559

Coxsackie  
virus (CVA21) CAVATAK – 1 Melanoma IT – Viralytics Completed

2 Melanoma IT – Viralytics Recruiting
1 SCCHN IT Viralytics Terminated
1 Solid tumors IV – Viralytics Recruiting

Herpes  
simplex virus

Talimogene laher-
parepvec (OncoVEX) GM-CSF 1 Solid tumors IT – Multicenter Completed, PMID: 17121894

ICP34.5(–) 2 Melanoma IT – Multicenter Completed, PMID: 19915919, 
19884534

ICP47(–) 3 Melanoma IT – Multicenter Active
Us11 k 1/2 SCCHN IT RT, cisplatin Multicenter Completed, PMID: 20670951

G207 ICP34.5(–), ICP6(–) 1/2 Glioma IT – U of Alabama Completed, PMID: 18957964, 
10845725

LacZ(+) 1 Glioma IT RT U of Alabama Completed

G47Delta From G207, ICP47– 1 Glioma IT – Tokyo Hospital Recruiting, PMID: 11353831

HSV 1716 (Seprehvir) ICP34.5(–) 1 Non-CNS solid 
tumors

IT – Cincinnati Recruiting

1 SCCHN IT – U of Glasgow Completed, PMID: 18615711
1 Glioma IT – U of Glasgow Completed, PMID: 15334111, 

11960316
1 Melanoma IT – U of Glasgow 11229673, 2001
1 Mesothelioma IP – UK not active

HF10 HSV-1 HF strain 1 Solid tumors IT – Multicenter Recruiting
1 Pancreatic cancer IT – Nagoya University Completed, PMID: 21102422
1 Breast cancer IT – Nagoya University Completed, PMID: 16865590
1 SCCHN IT – Nagoya University Completed, PMID: 16923721

NV1020 1 CRC liver mets IA – MSKCC Completed, PMID: 19018254

Measles virus 
(Edmonston) MV-CEA CEA 1 Ovarian cancer IP – Mayo Clinic Completed, PMID: 20103634

1 Glioma IT – Mayo Clinic Recruiting

MV-NIS NIS 1 Myeloma IV CTX Mayo Clinic Recruiting
1 Ovarian cancer IP – Mayo Clinic Recruiting
1 Mesothelioma IP – U of Minnesota/ 

Mayo Clinic
Recruiting

1 SCCHN IT – Mayo Clinic Not open

(Continued)

oncolytic virotherapy trials

Russel et al Nat. Biotech 2012

SCCHN: squamous cell carcinoma of the head and neck
PanCa: pancreatic cancer
IT, intratumor
IV, intravenus



legend to the previous table

5-FC: 5-fluorocytosine; 5-FU: 5-fluorouracil; ADP: Adenovirus death protein; β-gal: Beta galactosidase; Ca: Cancer; CBDCA: Carboplatin; 
CD: Cytosine deaminase; CEA: carcinoembryonic antigen; CNS: Central nervous system; CRC: colorectal cancer; CTX: 
Cyclophosphamide; Dox: Doxorubicin; FOLFIRI: 5-fluorouracil, leucovorin, irinotecan; GCV: Ganciclovir; Gemzar: Gemcitabine;
GFP: green fluorescent protein; GM-CSF: granulocyte-macrophage colony-stimulating factor; HCC: hepatocellular carcinoma; HSV: herpes 
simplex virus; hTERT: human telomerase reverse transcriptase; ICP: infected cell protein; IFN: interferon; IP: intraperitoneal; IRES: 
internal ribosomal entry site; IT: intratumoral; IV: intravenous; Mets: metastases; MV: measles virus; NDV: Newcastle disease virus; NIS: 
sodium iodide symporter; PanCa: pancreatic cancer; PSA: prostate specific antigen; PTX: paclitaxel; RT: radiation; SCCHN: squamous cell 
carcinoma of the head and neck; Somatostatin R: stomatostatin receptor; SSTR: stomatostatin receptor; TK: thymidine kinase; UAB:
University of Alabama Birmingham; UCSF: University of California, San Francisco; VGF: vaccinia growth factor; Wt: wild-type.

oncolytic virotherapy trials

Onyx-15, in retrospect, was not the ideal oncolytic virus. For one thing, the E3 
deletion probably hurt Onyx-15’s potency. Onyx scientists chose an E3-deleted 
adenovirus mutant off the shelf, not realizing their mistake until years later. «It
definitely leads to more rapid clearance of the virus».
Adenovirus, in retrospect, had a number of fundamental flaws:  
• It spreads very slowly; 
• the packaging capacity to express other genes is extremely limited;
• works poorly when given intravenously
• injecting the virus directly into primary tumors — the H101 and Onyx-15 

approach — is unlikely to infect and eliminate distant metastases.

Oncolytic adenovirus limitations

Onyx-15 oncolyCc trials terminated in 2000 
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Figure 3. Shows an overview of the clinical trials trend. The red highlighted point on the graph 
indicates the decline in adenovirus vector application and the green highlighted section represents 
the recent pandemic, which points towards the upward trajectory of revamped interest in adenovi-
rus vectors. Created with BioRender.com (accessed on 1 December 2023). 

The landscape of research during that time witnessed a significant shift towards the 
development of viral vectors with reduced immunogenicity, ultimately giving rise to the 
increased prominence and utility of recombinant AAV and recombinant lentiviral vectors 
in the gene therapy field. Recombinant adenovirus has emerged as a promising candidate 
for both oncolytic virus therapy and vaccine delivery due to its tendency to induce im-
mune response, as illustrated in the compelling trends depicted in Figure 3. Sheldon et al. 
recently analyzed the safety of HAdV 5 as a delivery vector in various oncologic clinical 
trials and specific drug route-delivery options. Their research showed that it is generally 
safe, suggesting a need to reconsider it as a carrier for gene therapy products [61]. Now, 
adenovirus-based gene therapy trials represent 50% of global clinical trials, primarily fo-
cusing on innovative vaccines and cancer treatments [57]. This is estimated to increase 
even more by 2024, driven by additional successes at the clinical stage and commercial 
approvals in the market. 

5.2. Recombinant Adenovirus Vector Applied in Oncolytic Virotherapy 
Cancer is considered a life-ending malady in most cases. The reason behind this chal-

lenge is that many cancers become incurable once they metastasize. Cancer treatment typ-
ically relies on surgery, radiation, and anticancer drugs, with immunotherapy becoming 
a standard option, as applicable depending on the type of cancer. However, surgery can 
be taxing and is not always suitable for each type. Conventional treatments such as chem-
otherapy and radiotherapy often come with significant life-debilitating side effects. This 
is partly due to the adaptability of tumor cells during treatment, often resulting in re-
sistance and becoming repetitive treatment loops. Oncolytic virus therapy, also known as 
oncolytic virotherapy, on the other hand, is gaining attention, as it minimally impacts 

Figure 3. Shows an overview of the clinical trials trend. The red highlighted point on the graph
indicates the decline in adenovirus vector application and the green highlighted section represents
the recent pandemic, which points towards the upward trajectory of revamped interest in adenovirus
vectors. Created with BioRender.com (accessed on 1 December 2023).

5.2. Recombinant Adenovirus Vector Applied in Oncolytic Virotherapy
Cancer is considered a life-ending malady in most cases. The reason behind this

challenge is that many cancers become incurable once they metastasize. Cancer treatment
typically relies on surgery, radiation, and anticancer drugs, with immunotherapy becoming
a standard option, as applicable depending on the type of cancer. However, surgery
can be taxing and is not always suitable for each type. Conventional treatments such as
chemotherapy and radiotherapy often come with significant life-debilitating side effects.
This is partly due to the adaptability of tumor cells during treatment, often resulting in
resistance and becoming repetitive treatment loops. Oncolytic virus therapy, also known
as oncolytic virotherapy, on the other hand, is gaining attention, as it minimally impacts
patients’ well-being. Oncolytic viruses primarily infect and replicate within cancer cells,
leading to the cells’ destruction. The released viruses can then infect nearby cancerous
cells, creating a cascading effect within tumor tissues. In clinical trials, HAdV 5 is utilized
to carry out oncologic gene therapies that work in different ways. These therapies can be
grouped into three main categories:
1. Suicide genes: These genes make an enzyme that, when given a prodrug, triggers cell

death. Suicide gene therapy approach is mostly used for solid tumors. After aden-
ovirus is injected into the tumor (ITU), inactive prodrugs can be broken down into
cytotoxic metabolites, leading to cell death. Adenovirus vectors have been designed
to activate the p53 pathway, causing cell-cycle arrest and apoptosis in tumor cells, as
many tumor types exhibit p53 dysfunction [62,63]. However, not all cancer cells lack
p53. Various applications of adenoviruses in anticancer therapy have been explored
beyond targeting p53 dysfunction. For example, herpes simplex virus thymidine

The red highlighted point on the graph indicates the decline in adenovirus vector application and the green highlighted
indicates the decline in adenovirus vector application and the green highlighted section represents the recent 
pandemic, which points towards the upward trajectory of revamped interest in adenovirus vectors. (accessed on 1 
December 2023). 
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Abstract: Efficient and targeted delivery of a DNA payload is vital for developing safe gene therapy.
Owing to the recent success of commercial oncolytic vector and multiple COVID-19 vaccines, aden-
ovirus vectors are back in the spotlight. Adenovirus vectors can be used in gene therapy by altering
the wild-type virus and making it replication-defective; specific viral genes can be removed and
replaced with a segment that holds a therapeutic gene, and this vector can be used as delivery vehicle
for tissue specific gene delivery. Modified conditionally replicative–oncolytic adenoviruses target
tumors exclusively and have been studied in clinical trials extensively. This comprehensive review
seeks to offer a summary of adenovirus vectors, exploring their characteristics, genetic enhancements,
and diverse applications in clinical and preclinical settings. A significant emphasis is placed on
their crucial role in advancing cancer therapy and the latest breakthroughs in vaccine clinical trials
for various diseases. Additionally, we tackle current challenges and future avenues for optimizing
adenovirus vectors, promising to open new frontiers in the fields of cell and gene therapies.

Keywords: adenovirus; advanced gene therapy; oncolytic virotherapy; vaccine development;
regenerative medicine; stem cells; genetic modification; novel viral vectors; clinical trials

1. Introduction

Gene therapy is acclaimed as the 21st century’s medicine. At present, 32 cell and gene
therapies have been approved within the United States, including one oncolytic virus [1].
Gene therapy encompasses a range of techniques aimed at modifying gene expression.
These methods include replacing a faulty gene with a healthy one, deactivating a malfunc-
tioning gene, and introducing a new or modified gene into the body to address specific
diseases. Despite previous challenges, it is a rapidly advancing field exploring innovative
strategies for complex health problems. The urgency of COVID-19 vaccines marked a
pivotal moment, propelling global advancements in gene therapy, including mRNA and
adenovirus (AdV) vectors. By April 2022, the World Health Organization (WHO) had
endorsed 10 global COVID-19 vaccines, including three AdV vector-based candidates.
Adenovirus-based vaccine candidates, such as ChAdOx1 nCoV-19 and Ad26.COV2.S, have
proven to be excellent in terms of safety and vaccine efficiency in clinical trials. This success
has also led to authorization for emergency use during times of extreme need. Adenovirus
vectors are gaining attention due to their advantages over traditional methods in terms of
effectiveness, practicality, safety, speed of development, and commercial use [2].

Viruses can be bioengineered to remove harmful traits while being excellent at express-
ing therapeutic genes, creating an efficient and non-toxic gene therapy vector. However, a
key challenge in most in vivo gene therapies is achieving effective gene delivery. Over the
past three decades, viral vectors such as AdVs, adeno-associated viruses (AAVs), herpes
simplex virus (HSV), lentivirus, and retrovirus have been extensively investigated for their
applications in gene therapy and vaccine development. Retroviruses integrate genetic
material into infected cells, but they require ongoing cell division, which is a significant
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