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1 Definitions

— Expression cassette: Prokaryotic, eukaryotic or viral nucleic acid fragment containing a
promoter, the transgene and a stop/polyadenylation signal. The expression cassette can-
not replace the function of the adenoviral E1 region.

— Recombination plasmid: pBR-derived plasmid containing an expression cassette,
flanked by adenoviral nucleic acid fragments that are usually homologous to the non-cod-
ing 5° and 3 regions of the AdV E1 region (see Fig. 2).

— Adenoviral vector (AdV vector): Replication-defective adenoviral particles that can
transduce a cell and transfer a nucleic acid fragment in the process.

— Helper virus: Adenovirus that provides proteins necessary for the replication of a replica-
tion-defective viral genome and its packaging. A helper virus can be replication-competent
or replication-defective due to a deletion of the E1 region. Other deletions or modifications
may be present in the genome of a replication-defective helper virus.

— stuffer: nucleic acid fragment without function

2 Adenovirus

This statement describes gene transfer with mastadenoviruses from primates (human adeno-
viruses, HAdV) and non-human primates (SAdV). For simplicity HAdV and SAdV are combined
in the statement as AdV.

21 Taxonomy and occurrence

The Adenoviridae family is divided into six genera: Aviadenovirus, Barthadenovirus, Ichtade-
novirus, Mastadenovirus, Siadenovirus and Testadenovirus.

HAdVs are assigned to different species of the genus Mastadenovirus. They were first isolated
from adenoid tissue (hyperplastic tonsils) in 1953 [1]. The individual adenoviral (sero)types
have been numbered in the order of their initial isolation. HAdVs are widespread, as evidenced
by the presence of specific antibodies against HAdV types. In general, children have antibodies
against at least one type of adenovirus after the first year of life. Adenovirus type 5 (AdV5) and
other types (e.g. 1, 2 or 6) can persist in lymphoid tissue for long periods of time. HAdVs often
cause mild respiratory infections in humans, but can also cause keratoconjunctivitis, meningitis
or pneumonia [2, 3]. In rare cases, individual AdVs (such as AdV-F41), possibly in combination
with other viruses, have been found to cause acute hepatitis in children [4].

Adenoviruses are able to cross the species barrier in some cases. This has been observed in
particular for HAdV and SAdV, where close contact is assumed to be a prerequisite for suc-
cessful transmission to another species. However, a number of factors determine whether a
productive viral replication occurs in specific hosts or cell types, such as the presence of spe-
cific receptors, uncoating mechanisms or virus-host interactions during replication [5, 6]. Hu-
man cells are usually permissive for HAdVs, their infection is productive. In contrast, rodent
cells are either non-permissive or semi-permissive for some HAdVs [2, 3, 7-9].

Today, assignment to the genus Mastadenovirus or to a species is mainly based on phylogeny
and genome organisation data. According to these criteria, the HAdV serotypes are assigned
to seven species of the genus Mastadenovirus [10]. Many of the AdVs isolated from non-hu-
man primates are also classified as HAdVs, e.g. AdVs from chimpanzees, gorillas and bono-
bos [10]. However, a clear distinction between the species isolated from humans and those
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isolated from non-human primates is not always possible due to the high sequence identity of
HAdV and SAdV. Chimeric AdVs have been observed in nature, arising from recombination
events that occur in mixed infections [11-13]. In addition, the International Committee for the
Taxonomy of Viruses, ICTV, lists nine species in which only SAdV are included [10].

2.2 Recommendation

According to § 5 para. 1 GenTSV in conjunction with the criteria in Annex 1 GenTSV, adeno-
viruses are assigned to the following risk groups as donor and recipient organisms for genetic
engineering work:

— Adenoviruses in horses, sheep, pigs, birds and fish Risk group 2
— Adenoviruses in reptiles (Ref.: 6790-05-02-0057) Risk group 2

Reason: Reptile adenoviruses exhibit a high degree of host specificity
and can cause a potentially fatal disease in infected animals. The vi-
ruses are thought to be transmitted by droplet infection.

— Mastadenoviruses Risk group 2

Mastadenovirus adami

Mastadenovirus blackbeardi

Mastadenovirus caesari, M. caesari vaccine strain ONRAB
Mastadenovirus caviae

Mastadenovirus dominans

Mastadenovirus exoticum

Mastadenovirus faecale

Mastadenovirus russeli

— Recombinant replication-defective mastadenoviruses without risk potential:
Risk group 1

Mastadenovirus caesari rAd5-S-CoV2, vaccine strain ,Sputnik V* and
Mastadenovirus dominans rAD26-S-CoV2 (Ref.: 45242.0193)

Reason: The recombinant adenoviruses rAd5-S-CoV2 and rAd26-S-
CoV2 are replication-defective viruses that carry a gene from SARS-
CoV-2 without hazard potential and have been approved outside the
EU as components of a combination vaccine against SARS-CoV-2.
Both vaccine viruses were well tolerated in clinical trials and mostly
only caused mild or moderate side effects.

Mastadenovirus dominans Ad26.Mos2S.Env, Ad26.Mos1.Env,
Ad26.Mos1.Gag-Pol and Ad26.Mos2.Gag-Pol, Ad26.RSV.preF (Ref.:
45242.0188)

Reason: The recombinant adenoviruses Ad26.Mos2S.Env,
Ad26.Mos1.Env, Ad26.Mos1.Gag-Pol and Ad26.Mos2.Gag-Pol as well
as Ad26.RSV.preF are replication-defective viruses that carry nucleic
acid fragments without the potential to cause HIV-1 or RSV infection.
Recombinant viruses with the same vector backbone, which are used
as vaccines against Zaire Ebola virus and SARS-CoV-2, have already
been approved as medicinal products in the EU. These vaccines, as
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well as Ad26.Mos4.HIV and Ad26.RSV.preF, were well tolerated in
clinical trials and mostly caused only mild or moderate adverse events.

Mastadenovirus dominans Ad26.COVS1 (Ref.: 45242.0180)

Reason: The recombinant adenovirus Ad26.COVS1 is a replication-
defective virus that carries a gene from SARS-CoV-2 without hazard
potential and is to be tested as a vaccine against SARS-CoV-2. An
Ad26-based vaccine against the Zaire Ebola virus was approved by the
EU Commission in 2020. This and other Ad26-based vaccines were
well tolerated in clinical trials, with mostly mild or moderate adverse
events.

Mastadenovirus exoticum ChAdOx1 nCoV-19 (Ref.: 45242.0181)

Reason: The recombinant, replication-defective adenovirus ChAdOx1
nCoV-19, which is derived from ChAdY25, is a virus that carries a gene
from SARS-CoV-2 without hazard potential and is to be tested as a
vaccine against SARS-CoV-2. Vaccines based on the ChAdOx1 vector
have already been well researched in preclinical studies. In addition,
clinical data from ChAdOx1-based vaccines against FLUAV, Mycobac-
terium tuberculosis and MERS-CoV are available from 154 subjects to
date. The ChAdOx1-based vaccines were well tolerated, with mostly
mild or moderate adverse events.

2.3 Genome organisation

The genome of AdV from primates consists of a double-stranded linear DNA between 32 and
36 kb in length (Fig. 1a). Both ends of the DNA are characterised by inverse repetitive regions
(inverted terminal repeats, ITR), with the 5' ITR containing the polymerase binding sites for
initiation of DNA replication and the DNA packaging signal . The early (E) events in the pro-
ductive infection cycle also include transcription of the E1a gene, with its product transactivat-
ing the expression of the other early viral genes E1b, E2, E3 and E4. Early transcription is
followed by DNA replication, which initiates the late (L) phase of the productive infection cycle.
In the late phase, the late genes are expressed, which mainly encode the structural proteins
of the icosahedral capsid, and virus particles are produced. The productive cycle leads to the
lysis of the infected host cell [2, 3].

In addition to transactivating early genes, E1a interacts with a variety of cellular proteins. For
example, E1a can promote the entry of quiescent cells in the Go or G1 phase into S phase [14].
While certain HAdV (e.g. AdV12) potentially induce neoplastic transformation in newborn ro-
dents [15], AdV5 and AdV26 have been shown not to be associated with tumorigenesis [16].
For ChAdY25-based vectors, no causality in tumorigenesis has been described either. There-
fore, a neoplastic transformation potential can be excluded for these AdV vectors [16].

The gene products encoded by E1b inhibit the p53-dependent induction of apoptosis [2, 3].
The E2 region encodes three proteins that are required for viral DNA replication: the pretermi-
nal protein (PTP), DNA polymerase (Ad Pol) and a ssDNA binding protein (DBP) [3]. The gene
products encoded by the E3 region are not essential for replication in vitro but are involved in
immune evasion. E3 encodes several proteins that, among other functions, block major histo-
compatibility complex trafficking to the plasma membrane and inhibit lysis of adenovirus-in-
fected cells by the tumor necrosis factor [2, 3]. The E4 region encodes several spliced mRNAs,
and the expressed proteins are named after the open reading frames (ORF) of the E4 region
(e.g. Edorf1 or E4orf2). They stimulate protein synthesis by activating the protein kinase
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mTOR, protect the AdV genome ends by inhibiting the cell's own double-strand break repair
mechanisms or stimulate transcription of the E2-ORFs [3].
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Fig. 1: Genome map of adenoviruses and derived vectors. a. The early transcription units E1,
E2, E3, E4 are shown in the direction of transcription together with the major late promoter (MLP)
and the region of late genes (L1 to L5). The ITR and the packaging signal g are indicated. b.
Genome map of first-generation adenovirus-derived vectors with expression cassette. The E1
region is deleted and replaced by an expression cassette. The E3 region may also be deleted. c.
Genome map of second-generation adenovirus-derived vectors with expression cassette. The E1
region is deleted and replaced by an expression cassette. The E2, E3 and E4 regions are also
deleted. d. Genome map of adenovirus-derived gutless vectors with expression cassette. All viral
coding nucleic acid fragments are deleted and replaced by an expression cassette and stuffer
fragments. Figure modified from [17, 18].

3 Adenoviral vector systems

AdV-derived vectors are infectious, replication-defective particles with DNA portions of AdV
that can transfer an expression cassette.

AdV vectors are versatile; they exhibit high transduction efficiency in vitro and in vivo, infect a
wide range of cell types, including non-dividing cells, and can be cultured at high titers. AdV
vector particles are used both in vitro for the transmission of heterologous genes and in vivo
as vaccines or in somatic gene therapies [16, 19-24]. The adenovirus capsid can package
DNA fragments of up to 105% of the length of the wild-type genome. With a genome length of
about 36 kb, AdV5 therefore has a packaging capacity of about 1.8 to 2.0 kb of foreign DNA
for 1st generation vectors [25]. When using 2nd generation adenoviral vectors or gutless vec-
tors, correspondingly larger DNA fragments of up to 33 kb can be introduced into the AdV
genome [26].

The adenoviral vectors used for gene transfer are currently categorised into three generations
[18] (see Fig. 1):

- In first generation vectors, the E1 region is deleted, which makes the adenoviral vector
particles replication-defective. This region serves as an insertion site for the expression
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cassette. To increase their capacity, the E3 region has also been deleted in some of
these vectors, resulting in further attenuation. However, they still contain the other early
and late viral genes, which can be expressed in small amounts after infection [27, 28]. In
clinical applications or in the event of accidental inoculation, the viral gene products can
induce an immune response against the transduced cell, which can result in an inflam-
matory reaction and a shortened expression of the transgene. The observed low-level
replication of viral DNA in the target cells can also be traced back to a weak expression
of viral genes [29-31].

- In second generation vectors, the E2 and E4 regions are deleted in addition to the E1
and E3 regions. The late genes are still present. Compared to the first generation vec-
tors, the additional deletions increase packaging capacity and reduce immunogenicity
[18]. Due to the deletion of the E1 region, they are also replication-defective.

- gutless vectors (third generation) have the highest packaging capacity, because they
only contain the flanking ITRs and the packaging signal ¥ as adenoviral sequences. In
order to adapt the genome size to the viral capsid, the vectors usually contain a stuffer
sequence. As a result of the deletion of all adenoviral genes, vectors are less immuno-
genic than second generation vectors [18] and they are also replication-defective.

The defective viral genome transferred by AdV vector particles to non-complementing target
cells usually remains episomal, resulting in only transient expression of the expression cas-
sette [32]. No new viral particles are produced.

In 1993, the first human gene therapy study in patients with cystic fibrosis using a recombinant
AdV vector was conducted. In recent decades, the number of clinical trials based on AdV vec-
tors has steadily increased. Today, about half of all gene therapy products in clinical trials are
based on AdV vectors. They are used primarily as vaccines and in cancer therapy. However,
AdV vectors are also used in regenerative medicine and stem cell research [16].

Cancer therapies based on defective AdV aim to transfer immunostimulatory, tumor suppres-
sor or suicide genes into the tumor cell. For example, the introduction of a suicide gene into
the tumor leads to the expression of an enzyme that converts an inactive pro-drug into cytotoxic
metabolites that cause cell death [16].

The therapy with oncolytic AdVs is based on the replication competence of the viruses in tumor
cells and the associated lysis. The released viruses then destroy further surrounding tumor
cells in a cascade-like manner.

Recombinant replication-defective AdVs are approved as vaccine vectors and are used exten-
sively. Already approved AdV vaccine vectors are based on AdV5, AdV26 or ChAdY25, are
well tolerated and usually cause only mild or moderate vaccination reactions (see ZKBS rec-
ommendation in Chapter 2.2). For example, one approved Ebola vaccine is based on AdV26.
Two vaccines for the prevention of SARS-CoV-2 infections are based on AdV5.

3.1 Production of recombinant AdV vector particles

Recombinant AdV vector particles can be produced by several methods. The expression cas-
sette can be inserted into the AdV genome by direct ligation or homologous recombination.
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3.2 Helper cell-dependent production by homologous recombination

The expression cassette is usually inserted by homologous recombination between the recom-
binant plasmid and the viral genome. For this purpose, very often a human cell line permissive
for adenoviral replication is used.

An AdV genome of the first or second generation is transferred to human cells together with a
pBR-derived recombination plasmid. The expression cassette is generally integrated into the
deleted E1 region of the replication-defective AdV genome either present in a vector particle
or integrated in a plasmid. The E1 gene products required for viral DNA replication are usually
provided in trans via permissive recombinant cell lines that constitutively express the E1 gene.
The recombinant viral genome is packaged by the viral structural proteins and released from
the cell line as expression cassette containing AdV vector particles (Fig. 2) [33-35].

. xpression cassette \ / ITR ITR
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cell line 293

Fig. 2: Exemplary production of a replication-defective first-generation AdV vector particle
with an expression cassette in a helper cell line. a. Recombination plasmid with expression
cassette. b. AdV genome with deletion of the coding nucleic acid fragments of the early genes
E1a, E1b and if applicable E3. c¢. The defective AdV genome is co-transfected with the
recombination plasmid into a helper cell line. The genome of the helper cell line contains the 5'
end of the AdV genome with the E1 region and expresses the E1 gene products, thereby
complementing the replication defect of the co-transfected defective AdV genome. During viral
DNA replication, recombination between the recombination plasmid and the defective AdV
genome occurs via the DNA sequence homologies of the non-coding regions of E1. A replication-
defective AdV genome is formed, in which the deleted E1 region contains the inserted expression
cassette. d. The remaining late genes in the AdV genome are expressed. Their gene products
package the AdV genomes, with and without expression cassettes, into infectious, replication-
defective particles that are released by the helper cell line.e. Homologous recombination between
the helper virus genome and the E1 gene integrated in the cell genome can result in the formation
of replication-competent virus particles.

Transfer of the expression cassette into the AdV genome by homologous recombination can
also be achieved using the efficient recombination machinery in E. coli K12 derivative BJ5183
(recBC sbcBC) [36]. In the AdEasy adenoviral vector system, DNA constructs with the AdV
genome and the expression cassette flanked by nucleic acid fragments of the integration site
in the AdV genome are co-transferred to E. coli BJ5183. In the AdV genome, the E1 region or
and the E3 region is deleted.
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The expression cassette is typically inserted in place of the E1 region, rendering the AdV vector
particles replication-defective. The result is a recombinant plasmid containing an AdV genome
with inserted expression cassette [37, 38]. The plasmid is isolated and transfected into a helper
cell line providing the E1 proteins necessary for viral replication. Replication-defective AdV
vector particles with an expression cassette are produced and released by the helper cell line.
However, homologous recombination between the helper virus genome and the E1 gene inte-
grated in the cell genome can result in the production of replication-competent virus particles
(see Chapter 3.5 ‘Safety of helper cell lines’).

3.3 Production of gutless vector particles using an AdV helper virus

In gutless or high capacity vectors, all viral genes have been deleted so that the immune re-
sponse against the vector is reduced and the capacity for foreign DNA is increased [39—43].
In these vectors, only those viral nucleic acid fragments that act in cis and are essential for
DNA replication and packaging of viral DNA are still present, such as the ITRs with the poly-
merase binding sites for the start of DNA replication and the DNA packaging signal @ (see
Fig. 1c and Fig. 3b).
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Fig. 3: Production of gutless vector particles utilizing the Cre recombinase system.
a. The packaging signal g of an AdV helper virus genome (AdV genome) is flanked by two loxP
sites that are recognized by the Cre recombinase. The E1 region and possibly also the E3 region
are deleted, while all other adenoviral genes are still present. b. The expression cassette to be
transferred was inserted into the gutless vector DNA and is located in between the stuffer
sequences, the ITRs of AdV and the packaging signal g. ¢. The AdV helper genome a. and the
gutless vector DNA b. are transferred together into the helper cell line 293-Cre ¢. The genome of
this helper cell line contains the genes of the Cre recombinase (Cre) and an AdV genome
fragment including the packaging signal @ and the region coding for E1 (nucleotides 1 — 4344
[34]) that are constitutively expressed. AdV-E1 complements the deleted E1 in the helper virus
genome. Thus, the expression of the remaining adenoviral genes of the helper virus genome is
achieved, The helper virus genome and as well as the gutless vector DNA replicate. While gutless
vectors can be package due to a packaging signal y, the Cre recombinase excises the packaging
signal y from the helpter virus genome, rending it no longer packable. d. The gutless vector
particles with expression cassette are released by the helper cell line. The figure has been
modified from [41].
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In principle, gutless vectors rely on a helper virus to provide the proteins necessary for repli-
cation of the viral genome and its packaging. If such a helper virus is replication-competent,
its particles contaminate the vector particles produced and must be subsequently removed.

Another method for producing gutless vector particles is the Cre/loxP helper-dependent sys-
tem (see Fig. 3), which is derived from bacteriophage P1. It has the advantage that a replica-
tion-defective helper virus can be used, which increases the system’s safety [41, 42].

The Cre/loxP helper-dependent system consists of three components: an AdV helper virus, a
gutless vector DNA and a helper cell line. The AdV helper virus is an E1- and possibly E3-
deleted AdV in which the packaging signal y is flanked by loxP sites. In most cases, a marker
gene additionally to the @ packaging signal is present between the loxP sites. The loxP sites
are recognition sites for Cre recombinase, an enzyme of bacteriophage P1. The 293-Cre cell
line, which stably expresses the Cre recombinase, is used as the helper cell line. After infection
of the helper cell line, the packaging signal g of the helper virus DNA and, if applicable the
marker gene, are excised.

The E1 gene of the helper cell line mediates transcription of all viral genes still present in the
helper virus genome and replication of the helper virus genome.

A gutless vector DNA is transferred into the helper cell line containing the expression cassette
and the stuffer sequence (see Figs 1 and 3) as well as the ITRs and the packaging signal g of
an AdV. The gutless vector DNA is replicated by the viral proteins provided by the helper virus.
Since the gutless vector DNA still contains the packaging signal y, only this DNA is packaged
by the viral capsid proteins provided by the helper virus. Packaging of the helper virus DNA is
disrupted due to excision of its packaging signal y by the Cre recombinase (see Fig. 3). In
addition to vector particles, helper virus particles may be present in the cell culture supernatant.
Furthermore, homologous recombination between the E1 gene integrated into the cell genome
and the helper virus genome can lead to the formation of replication-competent virus particles
(see Chapter 3.5 "Safety of helper cell lines"). The gutless vector particles are purified by CsCl
gradient centrifugation. Due to differences in density, helper virus particles and gutless vector
particles sediment in different sections of the gradient [44]. This enables an extensive but not
complete removal of the remaining helper viruses from the gutless vector particles [44].

3.4 Production of gutless vector particles using a helper plasmid

The production of gutless vector particles using the AdV helper virus genome was further re-
fined by replacing the helper virus with a helper plasmid depleted of essential genes for particle
production [45, 18]. The helper plasmid does not contain the E1 gene, the flanking ITRs or the
Y packaging signal (see Fig. 4). In addition, the E3 gene has been removed.

This system still allows homologous recombination between the integrated adenovirus nucleic
acid fragment and the helper plasmid (nucleotide 3034 — 5015 = 1428 bp, pIX-AdV-genome
fragment). However, the formation of AdV particles is very unlikely, since several illegitimate
recombination events would be required to generate a packageable genome from the helper
plasmid. Two recombination events with the adenovirus nucleic acid fragment present in the
cell are required to integrate the left ITR, w and E1 genes (illegitimate at the 5' end, homolo-
gous at the 3' end of the fragment). Additionally, two more illegitimate recombination events
with the gutless vector DNA would be required to integrate the right ITR. Thus, replication-
competent particles are not expected to be generated by homologous recombination.
Measures to separate replication-defective gutless vector particles are therefore not neces-
sary.
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Fig. 4: Production of gutless vector particles using a helper plasmid system. In order to
generate an AdV helper plasmid a., the flanking ITR, the packaging signal ¥ and the E3 gene
were removed from the AdV helper virus genome containing loxP sites (see Fig. 3a) . The
expression cassette to be transferred is inserted into the gutless vector DNA b., which also
contains the ITR and the AdV packaging signal . To produce adenoviral vectors, the gutless
vector DNA is co-transfected with the AdV helper plasmid into a helper cell line (here 293) c.,
which then releases the viral vector d..

3.5 Safety of helper cell lines

Replication-defective adenoviral vector particles and replication-defective helper viruses lack
the E1 region. For their production and propagation, permissive cells are required to provide
the gene functions of the E1 region.

A frequently used helper cell line is the human cell line 293, which was generated by transfect-
ing human embryonic kidney cells with fragmented AdV5 DNA [33]. Their genome contains a
copy of the left end (nucleotides 1 to 4344) of the AdV5 genome, including the ITR, the pack-
aging signal y, the late plX gene, and the E1a and E1b genes, which are constitutively ex-
pressed [33, 34].

Many first-generation AdV vectors, as well as helper viruses, contain nucleic acid fragments
homologous to the integrated copy of the left end of the AdV genome (see Fig. 5a).

It has been shown that homologous recombination events can lead to the reintegration of the
E1 gene into the vector or helper virus genomes, leaving them replication-competent. Replica-
tion-competent AdV vector particles are still rare in the first passages, but when large amounts
of virus are produced over many passages, contamination rates can be high [46—48]. Another
helper cell line with a similar E1 integration pattern is 911, a cell line established from human
embryonic retinoblasts [35].

10
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Fig. 5: AdV DNA in helper cell lines and in the vector with expression cassette. a. Helper
cell lines such as 293 typically contain 5' regions including ITR, packaging signal y, and the E1a,
E1b, and pIX genes of the AdV5 genome. The AdV vector DNA contains the expression cassette
consisting of promoter and transgene in place of the E1a and E1b coding regions, but flanked by
E1 nucleic acid fragments homologous to the integrated AdV genome region of the helper cell
line (hatched areas), allowing for homologous recombination events. b. In the new helper cell
lines, such as PER.C6, the E1 gene is reduced to the E1a and E1b reading frames and is under
the control of a heterologous promoter, such as the promoter of the human phosphoglycerate
kinase (PGK) gene and the polyadenylation signal of the hepatitis B virus (HBV) surface protein
gene. The figure has been modified from [49].

PER.C6 is also a cell line established from human embryonic retinoblasts. The genome of this
cell line contains a truncated E1 region (nucleotides 459 to 3510) under the control of a
heterologous phosphoglycerate kinase (PGK) promoter and a heterologous polyadenylation
signal (see Fig. 5) [49]. There are no homologies between the PER.C6 genome and that of
AdV vectors [49, 50]. Cell lines such as PER.C6 used in combination with AdV vectors lacking
the E1a and E1b nucleic acid fragments, prevents the generation of replication-competent
adenovirus particles.

3.6 Safety of AdV vectors of other Mastadenovirus species

The generation of replication-competent AdV particles can also be prevented by using AdV
vectors from other Mastadenovirus species, such as the ChAdY25 subtype, which is assigned
to the species Mastadenovirus exoticum [51]. If there is low or no sequence homology between
the AdV region present in the helper cell line and the nucleic acid fragments of the AdV vector,
homologous recombination and release of replication-competent AdV particles are not ex-
pected [51]. This is the case for cell lines derived from 293 and ChAdY25.

3.7 Biodistribution, stability and shedding of virus particles
Biodistribution, shedding and duration of shedding of adenoviral vectors depend on vector

serotype, the dose administered and the mode of administration [52]. Adenoviral particles are
known to persist at the injection site for several days to weeks after administration [53]. During

11
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biodistribution, AdV5 particles mainly enter the liver and spleen. AdV5 vector particles are
much less frequently detected in other tissues such as heart, bone marrow, lung, kidney, in-
testine or gonads [54-56]. Three month after administration of 10" AdV35 particles, a low
number of particles could be detected in iliac lymph nodes [55]. Balb/c mice that had received
the chimpanzee adenovirus-derived vaccine ChAdOx1-HBV at a dose of 2.4 x 10" vector
particles intramuscularly retained vector genome copies in all organs examined (brain, heart,
kidney, liver, lung, lymph node, ovaries, skeletal muscle, spleen and testes). On day 56, the
number of vector genome-positive samples was significantly reduced (9 out of 56 organ sam-
ples) [57].

The tropism of AdV depends in part on the cellular receptor binding specificity of the serotype.
While the coxsackievirus and adenovirus receptor (CAR) has affinity for most human sero-
types, bovine, porcine and ovine AdV enter host cells independently of CAR [58]. Tissues such
as liver, stomach and gallbladder as well as some tumor tissues (lung, ovary and uterus) show
high expression of CAR. In contrast, in kidney, prostate and parotid gland tumors CAR expres-
sion is downregulated [59]. Some species, such as mouse, rat, dog and pig, have receptors
with a high degree of homology to the human CAR. Almost all HAdVs contain the Arg-Gly-Asp
(RGD) motif in the fiber knot, which might interact with integrins as co-receptors. Other known
receptors of different AdV types are CD46, CD80/86, sialic acid, proteoglycans, major histo-
compatibility complex (MHC)-I and vascular cell adhesion molecule (VCAM)-1 [58]. Adenovi-
ruses are generally unable to cross the blood-brain barrier. Using the melanotransferrin
(MTT)/P97 transcytosis pathway, it was shown that transcytosis of AdV5 across the blood-brain
barrier is possible using the generated fusion protein CAR-MTTf [60].

Shedding of virus particles from the treated patient or laboratory animal is possible via urine,
faeces, sweat, saliva, nasopharyngeal fluid, tears, or seminal fluid. In general, the determina-
tion of shed virus particles is based on the detection of their genome using non-quantitative or
quantitative PCR (gPCR) or, less commonly, on the detection of protein using enzyme-linked
immunosorbent assays (ELISA) [61]. Biological assays are used to determine the infectivity of
vector particles. Most commonly, shedding data is collected using the xenograft mouse model.
The authors of a mouse study argue that laboratory personnel are not at risk of exposure to
infectious particles on the fourth day after intravenous administration of an AdV5, because
three days after administration, no or little plaque formation was detected in oral mucosa, urine,
faeces, or skin samples taken from the area overlying the established tumors. Therefore, a
downgrade from biosafety level 2 to biosafety level 1 could be considered in the Biosafety
Guidelines of the NIH in the USA [62].

Few data is available on virus shedding after oral or subcutaneous administration. However,
viral DNA was occasionally detected by gPCR in the faeces and saliva of raccoons (3 days),
foxes (4 days) and dogs (1 day) during the first few days after oral administration of high doses
of the rabies vaccine AdRG1. 3-ONRAB®, based on replication-competent AdV5 particles [56].

A comprehensive analysis of clinical trial results in 2007 showed that 29 out of 50 publications
reported shedding of vector DNA or infectious particles in secretions after different routes of
administration. Long-term shedding in sputum for more than 90 days was observed in lung
cancer patients after intratumoral administration, among others [63]. In some studies, blood,
faeces or throat swabs from healthcare workers in close contact with patients were also ana-
lysed. No vector genomes or virus particles were found [61, 64].

In summary, no general statement can be made on biodistribution or the time point at which
treated laboratory animals cease to shed infectious AdV particles and are no longer considered
to be GMO carriers. Therefore, when disposing of litter and carcasses or handling tissues from
laboratory animals inoculated with AdV vector particles, the instructions in Chapter 6, numbers
3 and 4 should be followed.
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4 Criteria for the safety classification of genetic engineering work with AdV
vectors

According to the current state of science and technology, the safety assessment of genetic
engineering work with E1-deleted AdV genomes in E. coli K12 and its derivatives does not
pose a risk to human health or the environment, provided that no other nucleic acid fragments
with hazard potential are introduced. If, however, the complete genome or a replication-com-
petent genome (e.g. only E3 deleted) of an AdV is amplified, even if it is interrupted by nucleic
acid fragments of the plasmid, the hazard potential of the AdV must be fully considered in the
risk assessment (general statement of the ZKBS on the risk assessment of E. coli K12- deriv-
atives with a plasmid with the (c)DNA of the genome of a replication-competent virus, Ref.
6790-10-89).

When eukaryotic cells are transfected with amplified recombinant plasmids, it is relevant
whether AdV vector particles can be generated and their hazard potential is crucial for the
safety assessment. The risk potential for humans is considered low, provided that no heterol-
ogous nucleic acid sequences are inserted into the AdV genome that increase the risk potential
of AdV. AdV vector particles are considered to pose a low risk when handled because they
efficiently infect human cells and because it cannot be excluded that the viral genome — as a
rare event — integrates into the host genome. The possibility of such integration should be
considered, particularly as the adenoviral vector DNA may have low-level replication due to
the presence of viral gene products. On the basis of clinical data, AdV5, AdV26 or ChAdY25
are not considered to pose a hazard even if they are integrated (see Chapter 2.2).

Depending on the generation of the AdV vectors used (see Fig. 1) replication-competent AdVs
can be formed and released after co-infection of a cell with an AdV and an AdV vector.

In the case of first-generation AdV vectors, in which the E1 region in the AdV genome has
usually been deleted, it is possible that, as described in Chapter 3.2 homologous recombina-
tion may lead to the formation of replication-competent wild-type adenoviral particles whose
hazard potential is equivalent to that of the original AdV.

For subsequent generations of AdV vectors (see Fig. 1) it cannot be assumed that replication-
competent AdV will be formed in vivo. Either several essential regions of the viral genome have
been deleted, so that the replication defect can only be resolved/reversed by several recombi-
nation events, or in the helper cell line there are no nucleic acid fragments homologous to the
AdV genome. To date, no cases of recombination between AdV and AdV vectors have been
reported in clinical trials [65].

If helper cell lines are used that cannot exclude the possibility of the emergence of replication-
competent AdV particles through homologous recombination (see Chapter 3.5 ‘Safety of
helper cell lines’), it must be assumed that such viruses will be contaminating the cell culture.

In the newly developed helper cell lines, in which the helper genes of the E1 region are reduced
to the coding nucleic acid fragments and in which homologous recombination with the replica-
tion-defective AdV genome is not assumed, only illegitimate recombination would be conceiv-
able. However, this is an extremely rare event and does not need to be considered in the risk
assessment of such work.

After infection of cell cultures or animals, only the replication competence of the AdV vector
particles shall be assessed:

— After infection with replication-competent AdV vector particles including an expression
cassette or after corresponding transfection, new recombinant, replication-competent AdV
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5

vector particles are generated, which are relevant for the safety assessment of the genetic
engineering work.

Following abortive infection with replication-defective AdV vector particles including the
expression cassette, or following appropriate transfection, no new AdV vector particles are
produced unless the infected cells or infected animal reverse the replication defect of AdV.
The viral nucleic acid is not mobilised and transferred to other cells. When handling these
cells or animals, it should be noted that they may release the administered vector particles
if they are not taken up by a cell (see Chapter 1 Section 3 and 4).

When experimental animals are infected with AdV vectors, homologous recombination
between AdV and AdV vectors and the formation of replication-competent AdV can be
excluded if the experimental animals are kept in a specific pathogen-free environment
(SPF) according to the guidelines of the Federation of European Laboratory Animal Sci-
ence Associations (FELASA) [66].

Criteria for the comparability of genetic engineering work with AdV vectors

General criteria for the comparability of genetic engineering work with adenoviral vector parti-
cles are summarised below. Genetic engineering work involving genetically modified organ-
isms (GMOs) that meet the above criteria can be compared with each other and assigned to
the safety level corresponding to the risk group of the GMO.

Transfer of genes for prion proteins or toxins by using adenoviral vectors, requires a case-by-
case assessment by the ZKBS.

5.1

—_—

5.2

Transfer of plasmids containing adenoviral DNA to E. coli K12-derivatives

E. coli K12 derivatives including a recombination plasmid with subgenomic nucleic acid
fragments of AdV are GMOs of risk group 1.

E. coli K12 derivatives including a recombination plasmid and, if applicable, a helper plas-
mid with subgenomic adenoviral nucleic acid fragments are GMOs of risk group 1.

E. coli K12 derivatives including a plasmid with an E1-deleted (replication-defective) ade-
noviral genome are risk group 1 GMOs.

E. coli K12 derivatives including a plasmid with the complete genomic DNA of an AdV are
GMOs of risk group 2.

Production of adenoviral vector particles in eukaryotic cells

Eukaryotic cells of risk group 1 to which a recombination plasmid or subgenomic nucleic
acid fragments of AdV have been transferred are GMOs of risk group 1.

Eukaryotic cells, including helper cell lines, of risk group 1, to which the complete ge-
nomic DNA of an AdV has been transferred, are GMOs of risk group 2. Replication-com-
petent virus particles of risk group 2 are formed and released.

Eukaryotic helper cell lines of risk group 1, to which E1-deleted AdV5, AdV26 or
ChAdY25 genomes and a transgene without risk potential have been transferred, are
GMOs of risk group 1, provided that it can be ruled out that replication-competent ade-
noviral virus particles are formed by homologous recombination. Replication-defective ad-
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5.3

enoviral vector particles of risk group 1 are released. If it cannot be ruled out that repli-
cation competent adenoviral vector particles are formed by homologous recombination,
these must be included in the risk assessment. If complete separation of replication-com-
petent AdV particles is not possible, the mixture of particles must be assigned to risk
group 2.

Eukaryotic helper cell lines of risk group 1, to which E1-deleted AdV genomes (except
AdV5, AdV26 or ChAdY25) and a transgene without risk potential have been transferred,
are GMOs of risk group 2. If it cannot be ruled out that replication-competent adenoviral
vector particles are formed by homologous recombination, these must be included in the
risk assessment. Replication defective adenoviral vector particles and, if applicable, repli-
cation competent adenoviral virus particles of risk group 2 are released.

Eukaryotic helper cell lines of risk group 1, which have been infected with a replication-
competent helper virus and to which additionally non-coding subgenomic nucleic acid frag-
ments of an AdV and a transgene without hazard potential have been transferred, are
GMOs of risk group 2. Replication-competent virus particles of risk group 2 and replica-
tion-defective adenoviral gutless vector particles (possibly with transgene) of risk group 1
are formed and released. If the replication-competent helper viruses cannot be separated
from the replication-defective adenoviral gutless vector particles, the particle mixture must
be assigned to risk group 2.

Eukaryotic helper cell lines of risk group 1, which have been infected with a replication-
defective helper virus or transfected with a helper plasmid and to which additionally non-
coding subgenomic nucleic acid fragments of an AdV and a transgene without risk poten-
tial have been transferred, are GMOs of risk group 1, provided that (i) the replication
capacity of the helper virus cannot be assumed to be restored by homologous recombi-
nation. If the proteins of the adenoviral E1 region are expressed in the cells, this leads to
the formation and release of replication-defective adenoviral gutless vector particles of
risk group 1.

Eukaryotic helper cell lines of risk group 1 to which E1-deleted AdV genomes, including
a replication-defective helper virus or a helper plasmid in combination with non-coding
subgenomic nucleic acid fragments of an AdV, as well as a transgene with neoplastic
transforming potential, have been transferred are GMOs of risk group 2. Recombinant,
replication-defective AdV particles or replication-defective adenoviral gutless vector parti-
cles that can transfer a gene with a hazard potential are released. Additional safety
measures must be observed when handling these GMOs (see chapter 1).

Transduction of eukaryotic cells with adenoviral vector particles

Eukaryotic cells of risk group 1 to which DNA has been transferred using replication-
defective adenoviral adenoviral gutless vector particles of risk group 1 are GMOs of risk
group 1. No replication-defective adenoviral vector particles or replication-competent vi-
rus particles are formed and released.

Eukaryotic cells of risk group 1 to which nucleic acid fragments with neoplastic-transform-
ing potential have been transferred using replication-defective adenoviral gutless vector
particles of risk group 2 are GMOs of risk group 1 after completion of transduction, un-
less the cells are infected with a helper virus. No replication-defective adenoviral vector
particles or replication-competent virus particles are formed and released.

Eukaryotic cells of risk group 1 to which a transgene without hazard potential or with
neoplastic transforming potential has been transferred using replication-defective adeno-
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viral vector particles of risk group 1 or 2, in which contamination with replication-compe-
tent virus particles of risk group 2 is not to be assumed, are GMOs of risk group 1 after
completion of transduction, provided it can be ruled out that (i) homologous recombination
with any adenoviral nucleic acid fragments present in the cell cancels the replication defect
and (ii) the adenoviral E1 region is present in the genome of the cells. adenoviral nucleic
acid fragments present in the cell cancels the replication defect and (ii) the adenoviral E1
region is present in the genome of the cells. No replication-defective adenoviral vector
particles or replication-competent virus particles are formed and released.

Eukaryotic cells of risk group 1, to which DNA has been transferred using replication-
defective adenoviral vector particles of risk group 1, in which contamination with replica-
tion-competent virus particles of risk group 2 cannot be excluded, are also GMOs of risk
group 2 after completion of transduction. Replication-competent virus particles of risk
group 2 may be formed and released.

Eukaryotic cells of risk group 2, to which a transgene without hazard potential or with
neoplastic-transforming potential has been transferred using adenoviral vector particles,
are also risk group 2 GMOs after completion of transduction, as the hazard potential of
the recipient organisms is fully taken into account in the risk assessment.

Notes

If AdV vector particles are contaminated with helper viruses due to the system used to
produce them, the hazard potential of the helper viruses is fully included in the risk as-
sessment.

For the handling of adenoviral vector particles with nucleic acid fragments with neoplastic
transforming potential, reference is made to the following general statements of the ZKBS:

- Statement of the ZKBS: Precautionary measures when handling nucleic acids with
neoplastic transforming potential (Ref. 6790-10-01, updated December 2016)

- Recommendation of the ZKBS on adenoviral and AAV-derived replication-defective
particles that transfer a nucleic acid fragment with neoplastic transforming potential
(Ref. 6790-10-83, updated April 2020)

- Statement of the ZKBS — Evaluation of genetically modified organisms into which
nucleic acid fragments with neoplastic transforming potential have been introduced
(Ref. 6790-10-36, updated February 2025)

Experimental animals from an SPF husbandry to which the transduced cells described
in Chapter 5.3 Section 1 and 2 have been transferred, whereby contamination of these
cells with recombinant AdV can be excluded, are not GMOs and are also not capable of
releasing GMOs. The animals are also not to be regarded as carriers of GMOs.

Experimental animals inoculated with replication-defective AdV particles are not GMOs.
However, the animals are to be regarded as carriers of GMOs as long as the vector parti-
cles are present. Transduced somatic cells in animals are also not GMOs, as animal cells
in the organism are not microorganisms according to § 3 No. 1 of the Genetic Engineering
Act as long as they are not propagated in cell culture. The period during which infectious
vector particles remain in the animal depends on several factors (e.g. dose, route of ap-
plication, serotype used, immunocompetence of the test animal). In addition, the animals
may shed the administered vector particles again. In this case, litter and any surfaces that
may have come into contact with the excretions must also be regarded as GMO-contam-
inated. The risk group of the recombinant AdV vector particles present determines the
necessary safety measures.
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If data, e.g. obtained like in [51, 65, 66] or suitable literature for the individual case or
comparable experimental approaches, prove that the treated animal no longer releases
AdV vector particles after a certain period of time, the state authority responsible for the
enforcement of genetic engineering law can set deadlines based on this data, after which
the release of GMOs can no longer be assumed. Reference is also made to § 24 para. 1
sentence 3 b GenTSV, according to which liquid and solid waste (e.g. litter) from plants of
safety level 1 can also be disposed of without pre-treatment if it is so slightly contaminated
that harmful effects on the protection goals of the GenTG are not to be expected.

Tissues and cells from laboratory animals that have been inoculated with AdV vector
particles of risk group 1 or 2 may contain vector particles of risk group 1 or 2, even
beyond proof that the laboratory animals no longer release particles. Safety level 1 or 2
measures are required for handling removed tissue or cells. If data obtained like in [51,
65, 66], or suitable literature for the individual case or comparable systems prove the ab-
sence of virus particles in the tissue concerned, the competent state authority can set
deadlines after which contamination with AdV vector particles is not to be assumed and,
if necessary, the genetic engineering work can be downgraded.

Carcasses of laboratory animals that have been inoculated with AdV vector particles of
risk group 1 can be disposed of in accordance with § 24 para. 1 No. 3 GenTSV without
prior autoclaving. It can be assumed that the protection of legal interests in accordance
with § 1 No. 1 of the Genetic Engineering Act is also guaranteed in this case, as the ani-
mals do not have an active metabolism and any remaining particles do not pose a potential
risk.

In general, seven days after the inoculation of test animals with AdV vector particles, a
significant depletion of the particles can be assumed [51, 65, 66]. Carcasses of laboratory
animals that have been inoculated with AdV vector particles of risk group 2 can therefore
also be disposed of as laboratory animal waste from this point on in accordance with § 2
para. 2 sentence 2 GenTSV, without having to be autoclaved first. Working with the ca-
davers of these animals does not pose any potential hazard beyond that of Safety Level
1, so that the protection of legal interests in accordance with § 1 no. 1 of the Genetic
Engineering Act is also guaranteed. It must be ensured that the cadavers mentioned in
this note do not enter the food or feed chain.
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