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Adenoviruses (Ad) have a long history as DNA-transfer vehicles in various medical appli-
cations including in vivo gene therapy [1]. In this context, the favorable safety profile of Ad 
has been considered a major benefit, since the lack of integration into the host cell genome 
eliminates potential risks associated with insertional mutagenesis. This is combined with a 
comparatively high packaging capacity for foreign DNA, which is relevant in projects where 
the therapeutic expression cassette is too large for other gene therapy vectors such as ad-
eno-associated viruses. Further advantages include high infectivity, high-titer virus produc-
tion, excellent stability, and a broad tissue tropism.
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GENERATIONS OF 
ADENOVIRAL VECTORS

For gene therapy applications, with the ex-
ception of oncolytic viral therapies, Ad vec-
tors which cannot further multiply after they 
have transferred the therapeutic gene into the 
patient’s cells are used. Such replication-in-
competent Ad vectors avoid the risk of trig-
gering potential pathogenic processes and an 
unwanted immune response, as might be the 
case for wildtype Ad [2,3]. The first genera-
tion of replication-incompetent Ad, called 
Ad∆E1 vectors, carry a deletion of the E1 

region of the adenoviral genome which en-
codes proteins that are crucial for virus repli-
cation. In addition, the adenoviral E3 gene is 
usually also deleted in such vectors to create 
additional space for the insertion of a trans-
gene. Although the cargo capacity of tradi-
tional first-generation adenoviral vectors (~8 
kb) is already significantly larger than that of 
adeno-associated viruses (~4.7 kb), this is not 
sufficient for projects in which the transfer 
vector delivers large coding sequences, like 
the huntingtin (9.4 kb) or dystrophin (11 
kb) genes, multiple genes, long cis-regulatory 
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elements or gene editing tools. Furthermore, 
proteins expressed from the remaining ad-
enoviral genes in Ad∆E1 vectors can elicit 
immune responses in vivo [4] that can neg-
atively affect the expression of the therapeu-
tic protein and thus its efficacy. To address 
these challenges, additional regions of the Ad 
genome were deleted in subsequent vector 
generations. In the second vector generation 
extra deletions were inserted into the E2 
and E4 region of the adenovirus genome [5], 
leading to a decreased background produc-
tion of viral proteins and an increase of cargo 
capacity (~14 kb). To further improve these 
properties, all viral genes were finally elim-
inated in the third generation of adenoviral 
(Ad3rd) vectors, also referred to as gutless, 
gutted or helper-dependent adenoviral vec-
tors [6] (Figure 1, box). These vectors combine 
a very high packaging capacity for foreign 
DNA (~36 kb) with a low immunogenicity, 
making them attractive vectors for in vivo 
gene therapy. 

PRODUCTION OF AD3RD VECTORS

In comparison to Ad∆E1 vectors, the pro-
duction of Ad3rd vectors poses the challenge 
that all genes necessary for virus production 
have been removed from the virus genome 
and must therefore be made available in trans 
during virus manufacturing. Ad∆E1 vectors 
are typically produced in cell lines that car-
ry stable insertions of the Ad E1 region in 
their genome, such as HEK293 [7], HER-
911 [8], PER.C6 [9] or CAP [10] cells, and 
thus trans-complement the missing E1 gene 
functions. In these cells, a primary stock of 
recombinant Ad is generated by transfection 
with a linearized plasmid vector, so that the 
packaged transfer vector contains the gene 
of interest (GOI) as well as the adenoviral 
genes required for virus production, except 
for E1. The primary Ad stock can subse-
quently be amplified in E1 trans-comple-
menting cells to produce sufficient material 
for medical applications [11].

 f FIGURE 1
 Production of Ad3rd vectors in suspension cells.

The left box illustrates the genome of the helper virus and of the different generations of adenoviral vectors. The flow chart at the bottom 
schematically depicts the production process of Ad3rd vectors suspension cells. Production is conducted in increasingly larger volumes with cells 
requiring coinfection with a helper virus at each step. Note that if CAP cells are used for production they will need to express Cre recombinase 
in order to delete the loxP-flanked packaging signal Ψ of such helper virus. RCA-formation can occur at any step, including the production of the 
helper virus itself. 
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In contrast, Ad3rd vectors lack any viral pro-
tein-coding genes, so that E1 trans-comple-
menting cells transfected with gutless vectors 
are unable to produce new viral particles. A 
simple amplification of primary viral stocks in, 
for example, HEK293 or CAPTM cells, as with 
Ad∆E1 vectors, is therefore not possible with 
Ad3rd vectors. Instead, such vectors are typi-
cally produced in the presence of an E1-defi-
cient adenoviral helper virus that provides the 
required viral gene functions for packaging of 
the Ad3rd vectors, hence their designation as 
helper-dependent adenoviral vectors [6]. How-
ever, this comes with another challenge, name-
ly to separate the therapeutic adenovirus from 
the replication-competent helper virus so that 
the latter does not contaminate the final drug 
preparation. This can be achieved by a combi-
nation of two approaches [6]: 

1. The packaging signal Ψ of the helper virus 
is flanked by loxP sites and thus excised by 
Cre recombinase,  expressed in the cells 
used for virus production. Consequently, 
the helper virus genome is not packaged 
into viral particles but is still able to trans-
complement replication and encapsidation 
of the Ad3rd genome. 

2.  Certain differences between the helper 
virus and the Ad3rd vector can be exploited 
to remove the former. For example, the size 
of the helper virus and the Ad3rd genome 
differ sufficiently from each other, allowing 
for the separation of the respective viral 
particles. The two viruses also differ in 
various physicochemical properties, such as 
charge density and hydrophobicity, which 
enables the removal of the helper virus by 
scalable chromatographic methods.

RISK OF RCA FORMATION 
DURING STANDARD AD3RD 
PRODUCTION PROCESSES

In addition to the challenge of separating the 
helper virus, there is another issue when using 

HEK293 cells for vector production – the 
risk of emerging replication-competent ade-
noviruses (RCA) [6]. The rationale for using 
HEK293 is that for safety reasons an E1-defi-
cient helper virus is normally utilized and its 
missing E1 function must be provided by the 
packaging cells. This constellation, however, 
holds the potential for homologous recom-
bination between the helper virus and the 
Ad sequences integrated into the HEK293 
cells genome, which can lead to RCA for-
mation [12]. For the reasons outlined above, 
the presence of RCAs in clinical batches is 
highly undesirable and limited by the FDA 
to less than one RCA in 3×1010 viral particles 
for such preparations. To minimize the risk 
of RCA formation during the production of 
Ad3rd vectors in HEK293 cells, the length of 
the initial helper virus genome is increased to 
the upper packaging limit by inserting stuffer 
sequences. After homologous recombination 
this limit is exceeded and the virus genome 
can no longer be packaged efficiently into vi-
ral particles [6]. Nevertheless, clinical prepa-
rations must be tested for RCA and discarded 
if the acceptable limit is exceeded, which can 
be associated with high costs and significant 
time expenditures.

RCA-FREE AD3RD PRODUCTION IN 
CAP TM CELLS

In the interest of product safety, it is clearly 
preferable to avoid homologous recombina-
tion during Ad3rd vector production instead 
of preventing the packaging of the recombi-
nant DNA into virus particles. This can in 
fact be achieved when specific cell lines, such 
as the CAP cells, are used for virus produc-
tion. CAP cells were isolated during a routine 
amniocentesis and subsequently immortal-
ized with Ad E1 gene functions. Importantly, 
the transforming plasmid for CAP cells was 
designed in a way so that it lacks sequence 
overlap with typically used adenoviral vec-
tors [10], and various studies demonstrated 
that no detectable RCA were generated by 
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CAP cells amongst 5×1010 Ad viral particles 
[11,13]. As described above, Ad3rd vector pro-
duction is ideally done in CAP cells which 
in parallel express the Cre recombinase. This 
can be achieved by stably integrating the cor-
responding gene into customized CAP cells. 
After transfecting the linearized plasmid with 
the gene transfer vector into such customized 
CAP cells, the cells are co-infected with a 
E1-deficient helper virus containing a loxP-
flanked packaging signal Ψ. Cre-mediated 
excision of  Ψ prevents packaging of the help-
er virus genome into viral particles, whereas 
Ad3rd vectors are effectively produced. Sub-
sequent serial rounds of co-infections with 

helper virus and Ad3rd vectors are performed 
to increase Ad3rd vector yields (Figure 1, flow 
chart), followed by quality control to obtain 
a well-defined master virus seed. Important-
ly, amplification steps and final batch pro-
ductions can be readily scaled-up to required 
volumes due to reliable growth of CAP sus-
pension cells to high cell densities in various 
bioreactor formats even in serum- and animal 
component-free media. Together with their 
traceable cell line history and availability of 
fully characterized GMP Master cell banks, 
CAP cells represent an ideal platform for high 
titer Ad3rd vector production in regulated bio-
pharmaceutical environments.
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