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DEVELOPMENT AND CHARACTERIZATION OF A VECTOR SYSTEM BASED
ON THE SIMIAN ADENOVIRUS TYPE 25
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Technological versatility and the humoral and cellular immune response induction capacity have conditioned wide spread of adenoviral vectors as vaccine and
gene therapy drugs. However, vaccination with Sputnik V. made a significant portion of the population immune to the types 5 and 26 (Ad5 and Ad26) recombinant
human adenovirus vectors, which are some of the most frequently used bases for candidate vaccines. Today, vaccine designers tend to select alternative adenovirus
serotypes as platforms to develop vaccines against new pathogens on. A good example is simian adenovirus type 25 (SAd25), which belongs to subgroup E. It
is genetically distant from Ad5 and exhibits extremely low seroprevalence in human beings, which makes it an appealing alternative vaccine vector. The purpose
of this work was to design and study a new vaccine platform based on simian adenovirus type 25. We relied on the advanced methods of molecular biology and
virology to construct and make recombinant adenoviruses; the phylogenetic analysis in the context of this study was enabled with bioinformatic methods. The
resulting recombinant adenoviral vector can effectively replicate itself in the HEK293 cell line (human embryonic kidney cells). This work substantiates the expediency
of further investigation into the SAd25 vector as a platform for development of the prevention vaccines against various infectious diseases.
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PA3SPABOTKA U XAPAKTEPUCTUKA BEKTOPHOW CUCTEMbI HA OCHOBE AIEHOBUPYCA
OBE3bSH 25-'0 CEPOTUMNA
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B HacTosiLLee Bpems aeHOBVPYCHbIE BEKTOPbI LLMPOKO UCTIONB3YIOT B KAYECTBE BaKLWHHBIX 1 FEHOTEPaneBTUYECKIX NpenapaToB 6rarofaps 1x TEXHONOrMYHOCTU
1 CNOCOBOHOCTY MHAYLIMPOBATL CTOMKUIA FyMOPaUTbHBIN 1 KNETOUHbIN MMMYHHBIA OTBET. OAHaKO OAHM 13 Havbonee 4acTo MCMOb3yeMblx BEKTOPOB A1 pa3paboTKm
KaHOMOATHBIX BaKLWH — PEKOMOVHAHTHbIE 8AEHOBMPYChI YenoBeka 5-ro 1 26-ro cepotunos (AdS 1 Ad26) CTaHOBATCA MeHee MPVBNeKaTesnsHbIMM 13-3a BbICOKOrO
NpoLeHTa HaceneHnsi C UMMYHUTETOM K [laHHbIM BEKTOPAM, BbI3BaHHbIM BakLHaLmMen «CnyTHUKOM V». Ha cerogHsILLHWIA fileHb NOSIBASETCA TEHAEHUWS K BbIOOPY
ansTepPHaTVBHbBIX CEPOTUMOB aAEHOBMPYCOB B Ka4ecTBe NnaTtopmM ANs pa3paboTki BakLMH MPOTUB HOBbIX MaToreHoB. Hanpumep, ageHoBMpyc 06e3bsiH 25-ro
cepoTuna (SAd25), npyHagnexalnii K nogrpynne E, reHetnydecku otnaneH ot AdS 1 NposiBNseT KpariHe HU3KYIO CepOnpeBaneHTHOCTb Y NOAen, YTo aenaet
ero npviBneKaTenbHbIM ansTepHaTVBHBIM BaKLWHHBIM BEKTOPOM. Llenbto paboTbl 6bi10 co3haTte M MCCNefoBaTh HOBYHO BaKUMHHYKO MAaTdopMy Ha OCHOBE
afileHoBypyca 06e3bsH 25-ro cepoTuna. [Ans KOHCTPYMPOBaHUSA 1 MOMyHeHWs PEKOMOVHAHTHbBIX afeHOBMPYCOB MCMONb30BaIM COBPEMEHHBIE MOMEKYISPHO-
Oronorn4ecKre 1 BUPYCONOrNHECKE METOAbI, A1 (DUOrEHETUHECKOro aHanm3a NPUMEHSIN BMOMHAOPMAaTUYECKE METOABI. [TOMyHeHHbI PEKOMOUHAHTHbIA
a[leHOBVIPYCHbI BEKTOP CMocobeH ahdeKTUBHO PEnINLMPOBaTLCS B MPOW3BOACTBEHHON KynbType Knetok HEK293 (knetkm nodki smoOprioHa YenoBeka).
PesynstaThl paboTbl 060CHOBBIBAIOT LieNecoobpa3HOCTb AasbHENLLEro nccneaoBanmns sektopa SAJ25 B kadecTBe nNnatopMbl AN Pa3paboTkn BaKLMH ANs
NPOMUNAKTVKN Pa3INYHbIX MH(DEKLMOHHBIX 3a001eBaHMI.
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Recombinant adenoviral vectors (rAd) are a popular tool for
gene delivery into mammalian cells; in particular, they are
used in development of candidate vaccines [1-4]. Vaccines
based on human adenovirus types 5 and 26 (Ad5 and Ad26,
respectively) designed to counter Ebola and COVID-19 have
proven to be effective [5, 6]. However, there is a need for new
adenovirus vectors of other serotypes that can be alternatives
to the existing ones, since vaccination of the large portion of
the population translated into immunity to adenovirus vectors
that can lower efficacy thereof. In this connection, human
adenovirus types other than Ad5 and Ad26, as well as simian
adenovirus serotypes, can facilitate development of the new
drugs and heterologous prime-boost immunization patterns.
There are over 80 serotypes of human adenoviruses; there are
various approaches to their classification: they can be viewed as
forming seven separate subgroups (A-G) or belonging to seven
species of adenoviruses (Human mastadenovirus A-G) [7, 8.

Simian adenoviruses (SAd) are also being extensively
investigated as vector vaccines. There is a considerably
wide range of SAd-based adenoviral vectors currently being
analyzed as vaccine candidates, including the chimpanzee
adenoviruses (ChAd) ChAd3 [9], ChAd63 [10, 11], ChAd6B8
(also called SAd25) [12, 13], ChAd83 and ChAd155 [14, 15],
as well as SAd22 [16], SAd23 [16, 17], SAd24 [16, 18]. These
vectors have shown high immunogenicity in animal models and
in clinical trials of candidate vaccines [13, 19, 20]. In addition,
they are significantly similar to human adenoviruses biologically
and exhibit low cross-activity of sera with virus-neutralizing
antibodies to Ad5 and Ad26 [12, 21].

Simian adenovirus type 25 (SAd25) is one of the alternative
serotypes used as a platform for therapeutic agents. It belongs
to subgroup E, which makes it a potent vector in its own
right and as part of heterologous immunization. In addition,
antibodies to Ad2, Ad4, Ad5, Ad7, and Ad12 do not neutralize
SAd25, therefore, this vector a promising vaccine platform
candidate [12].

This study aimed to design a new vector platform based
on SAd25 and study its biological and physical characteristics.

METHODS
Bacterial strains and cell lines

For this work, we used a laboratory strain of Escherichia
coli DH5a (New England Biolabs; USA), an E. coli BJ5183
strain (Stratagene; USA) and the HEK293 cell line, human
embryonic kidney cells containing the Ad5 region in the E1
genome (Russian Collection of Vertebrate Cell Lines; Russia).
We cultivated HEK293 in the DMEM1x medium (Dulbecco's
Modified Eagle Medium; HyClone, USA) supplemented with
5% fetal bovine serum (HyClone; USA) and 25 ml of sodium
bicarbonate 7.5% (PanEco; Russia), in the presence of 146 mg
of L-glutamine (PanEco; Russia) and a mixture of penicillin and
streptomycin (PanEco; Russia), at 37 °C, with CO, at 5%.

SAd25 genome sequencing

The SAd25 wild-type (wt-) virus strain was obtained from the
State Collection of Viruses of [I-IV Pathogenicity Groups of the
D.I. Ivanovsky Institute of Virology, part of the N. F. Gamaleya
National Research Center of Epidemiology and Microbiology.
This virus was passaged on HEK293 cells and purified by
cesium chloride (CsCl) density gradient ultracentrifugation. We
used the standard technique [22] to isolate the genomic DNA
from purified wt-SAd25. The nucleotide sequence of wt-SAd25
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was determined using whole genome sequencing on the Oxford
MinlON sequencer (Oxford Nanopore Technologies; UK).

Designing the recombinant adenovirus vectors

Firstly, to create the pArms-SAd25-EGFP plasmid, we
PCR-amplified the left homology arm (nucleotides 1-537 and
3406-3801 in accordance with the wt-SAd25 genome) and
the right homology arm (nucleotides 35969-36519). The
expression cassette, consisting of the cytomegalovirus early
promoter (CMV promoter), the enhanced green fluorescent
protein (EGFP) gene and the SV40 virus polyadenylation signal,
is located at the site of the E1 deletion (nucleotides 538-3405).
For further linearization of the pArms-SAd25-EGFP plasmid a
Swal site was inserted between the homology arms.

To construct the plasmid pSAd25AE1-EGFP carrying the
full-length SAd25 genome and the expression cassette with the
EGFP gene at the site of the deleted E1 region of the genome,
we used the method of homologous recombination between
the linearized pArms-SAd25-EGFP plasmid and wt-SAd25
genomic DNA in E. coli cells of the BJ5783 strain. The bacterial
cells were transformed by electroporation with the MicroPulser
(Bio-Rad, Hercules; USA), as prescribed by the manufacturer's
instructions. We analyzed the resulting plasmid pSAd25AE1-
EGFP with PCR and restriction mapping.

For the E3 region modification, we designed the
pBS-E3-SAd25 plasmid that carried a fragment of the SAd25
genome (12804 nucleotides) cloned by Nhel. The E3 region
of the genome (nucleotides 27131-31051) was deleted using
the Ncol and Sall sites and with the help of the homologous
recombination technique. The final pSAd25-EGFP plasmid
contained deletions in the E1 and E3 regions of the genome. We
resorted to restriction mapping and whole genome sequencing
to analyze the resulting molecular clone.

Production of recombinant adenoviruses

We used the pSAd25-EGFP plasmid to obtain a pSAJ25-EGFP
recombinant adenovirus. HEK293 cells were seeded in six-well
culture plates and incubated overnight to 80% confluence. To
remove the bacterial part, we hydrolyzed the plasmid DNA with
Pacl and Sspl restriction endonucleases and then transfected
into HEK293 cells using the Lipofectamine 2000 reagent
(Thermo Fisher Scientific; USA), as prescribed in the manual
provided by the manufacturer. Once the CKX41 inverted
microscope (Olympus; Japan) allowed a visual conformation of
the viral cytopathic effect (CPE), the cells in the culture medium
were subjected to three freeze-thaw cycles.

The Ad5-mCherry and Ad26-EGFP recombinant adenoviruses
were obtained as described previously [23].

Accumulation and purification of recombinant adenoviruses

We produced the recombinant adenoviruses in the HEK293
cell line. The HEK293 cells were seeded into 10 culture dishes
(diameter of 15 cm) in the amount of 15-17 x 10° per dish. The
next day, a monolayer of cells with the confluence of 65-75%
was infected with recombinant Ad at a dose of 107 PFU per dish.
Two days later, when the CPE was at 90-100%, the infected
cells were collected, concentrated by low-speed centrifugation,
resuspended in buffer (0.01 M Tris-HCI pH 8.0, 0.01 M NaCl,
5mM EDTA) and subjected to three freeze-thaw cycles to destroy
cell and nuclear membranes and release the virus from the cells.
Cell lysates were centrifuged at 5000 rpm for 10 minutes at room
temperature, the precipitate removed afterwards.
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Recombinant adenoviruses were purified in Optima XPN-90
(Beckman Coulter Inc.; USA) by double ultracentrifugation in a
CsCl gradient (stepwise and equilibrium gradient).

We used PCR and whole genome sequencing to confirm
purity and identity of the Ad. The titers of purified viruses were
determined using 50% Tissue Culture Infectious Dose (TCID, )
assay on HEK293 cells [24]. The results were detected on days
10-12 after cell transduction.

Adenovirus particles quantification

We counted the particles using reagents from the Pico488
dsDNA quantification kit (Lumiprobe; USA). Each well of a
96-well microplate was filled with 10 pl of calibration solutions
(in a known concentration) and solutions of the test sample.
Next, 10 pl of lysis solution (TE buffer + 0.1% SDS) were
added to the wells, mixed there and incubated for 5 minutes
at room temperature. Then, we added 80 pl of TE solution and
100 pl of staining solution to the wells and left the mixtures
to incubate for 5 minutes. After that, the fluorescence intensity
was measured by a spectrofluorimeter at 480 nm excitation
and 520 nm emission wavelengths. Next, a graph of the linear
dependence of the fluorescence intensity of the calibration
solutions (ordinate axis) on the concentration of viral particles
(abscissa axis) was plotted.

Adenovirus genomes quantification

We isolated the total DNA using the Wizard Genomic DNA
Purification Kit (Promega; USA). The number of genomes was
determined by real-time PCR (RT PCR) using universal primers
for all three studied serotypes (F: 5'GGCGGCTGGCGGTAGAG,
R: 5'GCAACATCTGGAACCGCG). We used the gPCRmix-HS
SYBR mixture (Evrogen; Russia) as prescribed by the
manufacturer. Real-time PCR was performed in automatic mode
on a CFX 96 Real-Time PCR Detection System (Bio-Rad; USA).

Phylogenetic analysis of the sequences of hexons, fibers
and pentons of adenoviruses of various serotypes

Nucleotide sequences of the genomes of various serotypes of
human adenoviruses (45 serotypes) and simian adenoviruses
(5 serotypes) were taken from the NCBI database (USA).

Using the Geneious Prime program, we aligned the amino
acid sequences of the studied proteins of adenoviruses of
various serotypes. The Neighbor-Joining method [25] enabled
depiction of the evolutionary history [25]. The tree was drawn to
scale, with branch lengths in the same units as the evolutionary
distances used to build the phylogenetic tree. The evolutionary
distances were calculated by the number of differences method
and expressed as the number of amino acid differences per
sequence. We used the MEGA 11 software to build the tree [26].

RESULTS

Comparison of hexons, pentons and fibers of different
serotypes of human and simian adenoviruses

The structural proteins of adenovirus hexon, penton and fiber
contain type-specific antigenic determinants that are targets
for neutralizing antibodies. For this reason, when choosing
an adenovirus serotype for the development of a new vector
platform, it is important to take into account how these proteins
of this serotype differ from similar proteins of already used
recombinant adenoviruses, in particular from Ad5 and Ad26.
With this in mind, after obtaining the results of whole genome
sequencing of wt-SAd25 we performed a phylogenetic analysis
of the amino acid sequences of hexons, pentons, and fibers of
various serotypes and compared them to the SAd25 proteins
(Fig. 1).

The analysis shows that hexon, penton and fiber of SAd25
are sufficiently distant evolutionarily from the same proteins of
adenoviruses Ad5 (subgroup C) and Ad26 (subgroup D), on
which the Sputnik V vaccine is based. Therefore, with a high
degree of probability, virus-neutralizing antibodies generated
by Ad5 or Ad26 vaccination targeting these proteins will not
neutralize SAd25, and this vector may be a suitable candidate
both for stand-alone use and for priming or boosting.

Construction of the vector based on simian
adenovirus type 25

The recombinant SAd25-based replication-defective vector was
constructed following the standard viral genome modification
pattern used to create vectors based on Ad5 and Ad26 (Fig. 2A).
Deletion of the E1 region turns the adenoviral genome into

Fig. 1. Phylogenetic tree showing the relatedness of the hexon (A), penton (B) and fiber (C) sequences of adenoviruses of different serotypes. The tree was built
based on the amino acid sequences of hexons of 45 human adenovirus serotypes and 5 simian adenovirus serotypes. The evolutionary distances were calculated
based on the number of differences; they are given in as amino acid differences per sequence. Ad5, Ad26 and SAd25 are highlighted in red
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Fig. 2. Patterns of recombinant adenoviral vectors. A. Production of a plasmid construct containing the full-length genome of simian adenovirus type 25 and carrying
the EGFP gene expression cassette. B. Genomes of recombinant replication-defective adenoviruses used in this study

a replication defective (it can only reproduce in a special cell
line). The place of the deleted E1 region is occupied with a
cassette carrying the reporter gene (CMV promoter, EGFP
gene, polyadenylation signal). To increase the packing capacity,
we have also deleted the E3 region. The plasmid carrying
the recombinant SAd25-EGFP genome was engineered by
homologous recombination in bacterial cells.

We used HEK293 cells transfected with pSAd25-EGFP
plasmid with the vector part removed (containing the origin
of replication (ori) and the kanamycin gene) to produce the
infectious progeny of adenovirus. Despite the fact that HEK293
cells express proteins of the E1A region, which have some
specificity, especially E1B55K, we have shown that this cell line
efficiently assembles recombinant simian adenovirus type 25.

Investigation of biological and physical properties of the
new adenoviral vector

One of the important characteristics of a viral vector is the
genetic stability of the adenovirus genome. We did a number
of passages of the SAd25-EGFP adenovirus on the HEK293
cell line to determine the respective capability of the vector. The
genomic DNA was isolated from passages 1, 5 and 10, and then
analyzed with the help of whole genome sequencing. The analysis
revealed no mutations in the genome; the genome sequences
from all three passages had 100% identity. These results allow a
conclusion that SAd25-EGFP recombinant adenovirus remains
genetically stable after at least 10-fold in vitro passaging.
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To compare the replication efficiency of the produced
SAd25-EGFP adenovirus and the two recombinant
adenoviruses of types Ad5 and Ad26 that were produced
earlier at the N.F. Gamaleya National Research Center for
Epidemiology and Microbiology, we used vectors expressing
the genes for fluorescent proteins EGFP and mCherry (red
fluorescent protein). Adenoviruses SAd25-EGFP, Ad5-mCherry,
and Ad26-EGFP (Figure 2B shows the genome structures)
were transduced into wells of a 96-well plate with HEK293 cells
(5 x 10* cells/well) at a dose of 1 x 10* viral particles (v.p.), and
incubated for 72 h. Olympus IX73 (Olympus; Japan) inverted
microscope with a U-RFL-T fluorescent module (Olympus;
Japan) enabled detection of viral plaques in all wells infected
with different adenoviruses. Viral plaques found in cells infected
with SAd25-EGFP were noticeably larger than those in cells
infected with other adenoviruses. In addition, the former had
the lysis zone clearly enlarged, which indicates a higher viral
cytotoxicity (Fig. 3). These findings are consistent with the
results obtained for another simian adenovirus, SAd23 [17].

To perform a more detailed analysis of the replication
efficiency of the resulting adenoviral vector, as well as
to compare it with other adenoviral vectors, we cultured
SAd25-EGFP, Ad5-mCherry and Ad26-EGFP on ten culture
dishes (150 mm), purified the cultures by ultracentrifugation and
collected them in equal final volumes (2 ml). The final sample
could contain virus particles without a genome (unpacked or
empty), with a full genome (packed or complete), or various
intermediate forms in between. Next, we carried out a physical
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Fig. 3. Cytopathic effect of adenoviruses on HEK293 cells 48 and 72 hours after transduction

and biological characterization of the obtained adenoviruses
(see Table).

The amount of SAd25-EGFP v.p. was similar to the amount
of Ad5-mCherry and Ad26-EGFP v.p., but the infectious titer
of SAd25-EGFP was lower than that of Ad5 and Ad26. The data
also indicated that, compared to Ad5 and Ad26, the SAd25-EGFP
sample contained more non-infectious viral particles. The yield
of recombinant simian adenovirus was lower in comparison
with Ad26-EGFP. Detection of more viral genomes for
SAd25-EGFP indicates presence of unpackages viral DNA.
Thus, these results show that recombinant SAd25 efficiently
accumulates in HEK293 cells. A large number non-infectious
viral particles and free viral DNA detected in the SAd25-EGFP
samples necessitates the search for optimal conditions of
cultivation and purification.

DISCUSSION

Simian adenoviruses have long been subjects of research. They
are investigated to understand their capability to act as vectors
for delivering target genes into cells. They have an undeniable
advantage: human beings almost completely lack antibodies
to common serotypes, including CAd63 and CAd68. The first

Table. Biological and physical characteristics of recombinant adenoviruses

vector based on a chimpanzee adenovirus was CAd68, which
had the E1 region deleted [12]. In preclinical studies of the
HIV-1 vaccine, this recombinant adenovirus was shown to be a
highly immunogenic vaccine vector [20]. Later, a recombinant
adenoviral vector based on simian adenovirus type Y25 was
developed; subsequently, it was named ChAdOx1. The vaccine
platform based thereon offers a good safety profile, as was
shown in phase |-l clinical trials of the ChAdOx1-based vector
vaccines designed for prevention of a number of diseases,
including influenza, tuberculosis, malaria, prostate cancer,
MERS, Zika fever and COVID-19 [27].

The SAd25 adenovirus has a good safety profile and high
immunogenicity [27], but there are still no vaccine or gene
therapy preparations based thereon that are used in the
Russian Federation. Therefore, we have developed a vector
platform based on SAd25 with the prospect of its further use as
a vaccine platform.

At the first stage of our work, we performed a bioinformatic
analysis of the wt-SAd25 genome sequence. We focused on
the hexon, penton and fiber adenovirus sequences, i.e. the
main proteins of the virion capsid. The epitopes in hexon are
targets for neutralizing antibodies in vivo; they are recognized by
cytotoxic T cells and serve as one of the parameters in allocation

Serotype TCID,/ml number of genomes/ml number of v.p./ml number of genomes/TCID, number of v.p./ TCID,
SAd25-EGFP 2,15 x10° 1,79 x 10" 1,15 x 10" 833 535
Ad5-mCherry 4,64 x 10° 1,01 x 10" 1,02 x 10" 218 220
Ad26-EGFP 6,81 x 10° 1,88 x 10" 1,91 x 10" 276 281
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of adenoviruses into various serotypes [28]. Therefore, it was
important to establish how far the SAd25 hexon is evolutionarily
from other serotypes, including those used in the development
of vaccines based on Ad5 and Ad26. As a result, we have shown
that hexon, penton, and fiber of SAd25 are quite evolutionarily
distant from these proteins of Ad5 and Ad26. Thus, our next
task was to create a vector system based on SAd25.

There are several adenoviral vectors construction methods:
cloning, obtaining a vector through cosmids, homologous
recombination in bacteria and homologous recombination in
eukaryotic cells [29]. Among them, the common method is
the third one, which was also used in this work. This method
includes obtaining a plasmid containing the adenovirus genome
by homologous recombination of a shuttle vector carrying
regions of homology with the adenovirus genome and genomic
adenoviral DNA in E. coli BJ5183 cells.

Most of the engineered adenovirus-based vectors
investigated as candidate vaccines are considered to be
first-generation vectors, in which the E1 and ES3 regions of the
genome have been deleted. Deletion of the E1 region makes
the adenovirus replication-defective, that is, unable to multiply
in animal cells. This procedure significantly improves safety
and reduces the likelihood of side effects. Deletion E3, another
region of the genome, increases the possible insert size to
8 kb, which grants greater flexibility to design of the expression
cassette. In addition, this deletion does not affect growth in the
complementary cell line. In the recombinant adenoviral vector
based on SAd25 that we produced, both of the mentioned
regions were removed.

Clinical applicability requires design of a vector that will
effectively replicate in a producer cell line. The cell line used in
Russia to produce recombinant adenoviral vectors is HEK293,
which is complementary and contains the E1 region of the Ad5
genome. But in the case of creating a vector with a deleted
E1 region, there is a risk that this vector will form replicatively
competent adenoviral particles during growth. However, SAd25
presents no such risk, since the percentage of homology of the
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