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ABSTRACT Human adenoviruses (HAdVs) are a large family of viruses comprising
more than 100 genotypes distributed across seven species (A to G). Depending on
the genotype, they cause respiratory, ocular, urinary tract, or gastrointestinal infections.
Despite the considerable diversity within the human adenovirus genus, most of our
current knowledge comes from studies on HAdV-C5. The availability of experimental
tools, including antibodies and reverse genetics systems, for the study of adenoviruses
other than the C5 strain remains very limited. Here, we describe a reverse genetics tool
to engineer HAdV-A12, named AdamiForge. HAdV-A12 is phylogenetically distant from
HAdV-C5 and differs markedly in its clinical manifestations, warranting the development
of dedicated experimental tools. In principle, AdamiForge is similar to the widely used
reverse genetics tool for HAdV-C5 known as AdenoBuilder. Briefly, the viral genome
is divided into several blocks and cloned into high-copy plasmids. These genomic
fragments are released using a restriction enzyme and recombined in vitro by Gibson
assembly. The reconstituted genome is then delivered into permissive cells to generate
new virions. The main advantage of this approach lies in the fragmentation of the viral
genome into small plasmids, which can be easily modified. In addition to the reconstitu-
tion of the wild-type virus, we engineered two recombinant viruses expressing modified
versions of the viral DNA-binding protein fused either to eGFP or to a FLAG-tag. These
modifications compensated for the lack of specific antibodies and enabled successful
detection of the HAdV-A12 DBP by both Western blotting and immunofluorescence.

IMPORTANCE Adenoviruses belong to a large family of viruses comprising seven species
(A-G) and more than 100 genotypes. Beyond their role as human pathogens, adenovi-
ruses have been extensively studied as vectors in gene therapy, vaccine development,
and oncolytic virotherapy. To date, research has largely focused on a limited num-
ber of strains. However, strain-specific characteristics can substantially influence both
pathogenic potential and vector performance. It is therefore essential to expand research
to other genotypes and to develop new tools for the study of less-characterized strains
such as human adenovirus A12.

KEYWORDS HAdV-A12, adenovirus A12, Mastadenovirus adami, recombinant
adenovirus, AdamiForge, reverse genetics

uman adenoviruses (HAdVs) are non-enveloped double-stranded DNA viruses.

HAdVs are very diverse, counting more than 100 genotypes spread over seven
species (from A to G). They cause upper or lower respiratory tract, ocular, urinary tract,
or gastrointestinal infections depending on the genotype. The most common genotypes
detected differ among countries and change over time (1). In the United States, HAdV-B3,
B7, B14, C1, C2, C5, and E4 are the most frequently reported genotypes, accounting for
about 90% of all types reported (2). Although generally self-limiting in adults, HAdVs
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can lead to acute and lethal infections in early childhood and in immunocompromised
individuals (1, 3). Following the primary infection, adenoviruses can establish a
persistent latent infection in mucosae-associated lymphocytes and reactivate when the
immune system is weakened (4, 5). This characteristic makes adenoviruses a worrying
medical problem in the context of organ transplantation (1). Beyond their pathogenic
role, HAdVs are valuable biotechnological tools due to their large genome (~35 kb),
their ability to infect a wide range of cell types, and their ability to efficiently deliver
recombinant DNA into the nucleus. Recombinant adenoviruses are used in both in vitro
and in vivo settings, notably for gene therapy, vaccine, and oncolytic virotherapy (6-8).
Most of the recombinant adenoviruses classically used for clinical applications are based
on a few genotypes: HAdV-C5, HAdV-D26, or the simian adenovirus ChAdY25 (9-11).

Despite the great diversity within the human adenovirus genus, most of our
knowledge about adenoviruses comes from the study of the C5 strain. HAdV-C5 is a
common respiratory strain with a median seroprevalence of approximately 70% in the
general population (12). Thus, many research tools, such as specific antibodies and a vast
collection of mutants, have been developed to allow its study. Recently, the construc-
tion of recombinant viruses based on the C5 strain became easier thanks to a reverse
genetics tool called AdenoBuilder (13, 14). A reverse genetics tool is an experimental
system that enables the reconstruction of viral particles from a known viral genome
sequence. The genome, cloned into a plasmid, can be deliberately modified through
mutations, deletions, or insertions. This approach is termed “reverse genetics” because
it begins with defined genetic changes and examines the resulting phenotype. Because
adenoviruses have a large genome, the viral genome is split into different blocks and
cloned into high-copy plasmids. The different genomic fragments are released from the
plasmids using a restriction enzyme and recombined in vitro by Gibson assembly. The
reconstituted genome is then delivered into permissive cells to assemble new virions.
The main advantage of this process lies in the fragmentation of the viral genome into
small plasmids, which allows them to be easily modified. The AdenoBuilder platform was
further enriched by the addition of viral proteins fused with fluorescent tags for studying
viral gene regulation and replication dynamics in real time (15, 16).

HAdV-A12 is an uncommon cause of classical adenovirus disease and is only rarely
isolated from clinical specimens; when identified, it is generally linked to respiratory or
enteric infections. The seroprevalence of species A adenoviruses, and of HAdV-A12 in
particular, varies considerably from one study to another, ranging from very high to very
low prevalence (17-20). The prototype A12 virus (Huie strain) was isolated from a stool
sample of a child exhibiting symptoms suggestive of poliomyelitis in the 1950s (21).
Phylogenetic analysis shows that species A are closer to the species F and G (responsible
for gastroenteritis) than to other species (22). Species A adenoviruses use the CAR
receptor for entry (23, 24). If relatively few studies were conducted on species A, some
were key for the adenovirus field of research. In the 1960s, species A adenoviruses were
shown to be able to induce tumors in animal models, a property that was not shared
with C5 (25-30). Despite that, the panel of available tools to study adenoviruses species
A remains very limited. Our understanding of HAdV-A12 is still incomplete, and much
of what we know has been extrapolated from studies on other adenovirus strains. It is
therefore necessary to develop research tools for understudied strains such as HAdV-A12.

To date, the generation of recombinant adenoviruses has relied on large plasmids
and laborious cloning strategies. The method involves the modification of full-length
adenoviral genomes through homologous recombination in bacteria, followed by
delivery of the recombinant genome into packaging cells to generate new mutant
viruses. Although functional, these technologies require advanced technical skills and
considerable time and resources (31, 32). In addition, working with such long plasmids
increases the risk of unwanted modifications during the cloning process. We have
therefore developed a new reverse genetics tool for the A12 strain named “AdamiForge,’
in reference to the species name of HAdV-A12: Mastadenovirus adami. The concept
underlying AdamiForge is not novel; rather, it represents an adaptation of the modular

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.00696-26 2


https://doi.org/10.1128/spectrum.00696-26

Downloaded from https://journals.asm.org/journal/spectrum on 28 May 2026 by 193.190.89.131.

Methods and Protocols

AdenoBuilder system to the HAdV-A12 strain. The partitioning of the A12 genome into
seven “blocks” allows individual viral genes to be easily manipulated in isolation and
then recombined with other mutations or transgenes. In addition to the reconstitution
of a wild-type HAdV-A12, we constructed two recombinant viruses, one encoding a
DNA-binding protein (DBP) fused with a FLAG-tag and one encoding a DBP fused with
eGFP.

MATERIALS AND METHODS
Cell lines and virus

All cell lines were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% fetal calf serum (FCS) (Gibco), 10 mM L-glutamine, and 1%
penicillin/streptomycin (Gibco). All cell lines were maintained in a humidified incubator
at 37°C and 5% CO,. HEK293T were sourced from American Type Culture Collection
(ATCC). A549-V are human lung carcinoma cells engineered to constitutively express
protein V of parainfluenza virus type 5. This modification allows the inhibition of IFN
signaling through STAT1 degradation and promotes increased viral production. A549
PIV5-V cells were kindly provided by Prof. Niklas Arnberg (Umed University). HAdV-A12
was obtained from ATCC (VR-863).

Viral stock production

Viral stocks were amplified in A549 PIV5-V cells. During viral stock production, A549
PIV5-V cells were cultured in OPTI-MEM Reduced-Serum Medium without phenol red
(Opti-MEM) (Thermo Fisher Scientific). Five days after infection, when cells showed a clear
cytopathic effect, the supernatant was collected, clarified by centrifugation at 3,000 x g
for 15 min, and set aside. The cells were scraped, centrifuged at 3,000 x g for 15 min,
and the pellet was resuspended in 2 mL of culture medium. The cell suspension was
subjected to three cycles of freeze/thaw to release virions from the cells and clarified
by centrifugation at 3,000 x g for 15 min. Both clarified fractions containing the virions
were pooled and treated with Benzonase (1 U/mL) (Sigma-Aldrich) at 37°C for 30 min to
degrade free nucleic acids. After incubation, the virion-containing medium was filtered
through a 0.22 pm filter. Viruses were concentrated and purified using a 15 mL Amicon
Ultra Centrifugal Filter Unit with 100 kDa molecular weight cut-off (Merck Millipore).
Finally, virions were aliquoted and stored at —80°C for further use. Handling of human
adenovirus was done in a BSL-2 laboratory.

Amplification of HAdV-A12 genomic DNA segments and plasmid construc-
tion

HAdV-A12 virions (amplified from ATCC VR-863) were inactivated at 75°C for 15 min.
Viral DNA was extracted using NucleoSpin Virus (Macherey-Nagel) according to the
manufacturer’s instructions. Extracted DNA was used as a template for PCR amplification
of seven overlapping genomic segments covering the entire HAdV-A12 genome (Fig. 1).
A sequence corresponding to the Clal restriction site (ATCGAT) was added upstream
of the overlapping regions to allow DNA segments to be released from its vector.
Amplification was performed using 1 ng of purified DNA using NEB Q5 High-Fidelity
DNA polymerase with the addition of Q5 high-GC enhancer. Genome segmentation was
conceived to achieve a balance between functional regions and reasonable segment
size (ranging from 3,316 to 7,358 bp). PCR products were purified using Macherey-Nagel
NucleoSpin Gel and PCR Clean-up kit according to the manufacturer’s instructions. For
each construction, 0.15 pmol of purified DNA was ligated into 0.05 pmol of pJET1.2
blunt-end cloning vector using the CloneJET PCR Cloning kit and according to the
manufacturer’s instructions. After a 30 min incubation, 5 pL of ligation mix was used
to transform NEB 5-alpha Competent Escherichia coli (New England Biolabs). Bacteria
were incubated on ice for 30 min with the ligation mix, submitted to a 42°C heat
shock for 30 s, and then incubated on ice for 1 min. Bacteria were then resuspended in
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FIG 1 Modular design of AdamiForge. (A) The genome of HAdV-A12 is segmented into seven blocks. Each block has been individually cloned to enable easy
modification of specific regions of the viral genome. Genes are mapped onto the HAdV-A12 genome and colored according to their transcription unit. Yellow/red
colors represent early genes, green colors represent intermediate genes, and blue/purple colors represent late genes. Black arrows represent promoters. Inverted
terminal repeat (ITR), packaging sequence (), and vaRNAI are represented on the genome. (B) Cloned plasmids can be digested with Clal restriction enzyme to
release viral genome fragments, which are then recombined by Gibson assembly. The full-length genome is then transfected into permissive cells to produce
new virions.

200 pL of pre-warmed LB medium for 30 min at 37°C with agitation. After incubation,
bacteria were centrifuged at 4,000 x g for 2 min and the supernatant removed until
100 pL remained. The bacteria suspension was plated onto Petri dishes containing
0.1% ampicillin solid LB medium. Petri dishes were incubated at 37°C for 24 h. Grown
colonies were PCR-screened, and plasmids from positive bacteria were extracted to be
Sanger sequenced. Selected plasmids were fully sequenced using Nanopore technology.
Plasmids coding for recombinant proteins were engineered from the corresponding
wild-type block (no. 5) plasmid using NEBuilder HiFi DNA Assembly Kit (New England
Biolabs). Both backbone sequence and inserted DNA were PCR amplified using Q5
High-Fidelity and as previously described. PCR products were purified using Macherey-
Nagel NucleoSpin Gel and PCR Clean-up kit according to the manufacturer’s instructions.
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Homologous recombination was performed using 0.100 pmol of insert DNA, 0.050 pmol
of backbone DNA, 10 puL of NEBuilder HiFi DNA Assembly Master Mix, and water was
adjusted to 20 pL total. The mixture was incubated for 1 h at 50°C, and the assembly
was transformed into competent NEB 5-alpha Competent E. coli as previously described.
Primer list and PCR thermal protocol are listed in Table S1.

Viral genome reassembly and production of recombinant virions

A mixture containing 500 fmol of each of the seven blocks (or the corresponding
recombinant plasmids) was prepared. The solution was digested using 5 pL of Clal
restriction enzyme (50 units) (New England Biolabs), 10 L of rCutsmart buffer, and water
was adjusted to 100 yL. The digestion mix was incubated at 37°C for 1 h. Digested DNA
was precipitated using 10 pL of sodium acetate (3 M pH 5.5) and 400 pL of 100% ethanol.
The mix was vortexed for 15 s. A white precipitate should appear. The DNA was then
incubated for 1 h at —80°C. After incubation, the DNA was centrifuged at 20,000 X g
for 15 min. The supernatant was discarded, and the pellet washed with 600 pL of 70%
ethanol. DNA was centrifuged once again at 20,000 x g for 10 min. The supernatant was
discarded, and the pellet dried at 37°C for 3 min (or until all ethanol had evaporated).
DNA was resuspended in 10 L of water and incubated at 37°C for 30 min to allow the
DNA to be fully dissolved. Once the pellet was resuspended, 10 pL of NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs) was added and incubated for 1 h at 45°C.
The mixture was either directly used for transfection or stored at —20°C. For genome
reassembly visualization, 5 pL of the mixture was loaded on a 0.5% agarose gel and ran
for18 hat20 V.

The assembled genome was delivered using linear cationic polymer PEI MAX
(Polysciences). Two mixes were prepared: one mix including 250 pL of Opti-MEM and
50 pug of PEI MAX, and one mix including 250 pL of Opti-MEM and 20 pL of the
previously reassembled DNA. Both were gently vortexed and incubated for 5 min at
RT. After incubation, the DNA mix was slowly added to the PElI mix, gently flicked,
and incubated for 30 min at RT. The day before, HEK293T were previously seeded at
70% confluency in a T25 flask with 10% FCS DMEM. Before transfection, the media
was renewed and changed to 6% FCS DMEM, and the solution was finally delivered
to the packaging cells.

Seven days post-transfection, viruses were harvested by scraping the T25 flask. Media
and cell lysate were gathered and centrifuged at 3,000 x g for 15 min. After centrifuga-
tion, the supernatant was discarded until 2 mL was left, and the cell pellet was resuspen-
ded in the virions-containing media. The lysate was vortexed for 15 s and submitted to
three cycles of freeze/thawing with 15 s of vortexing between each cycle. The sample
was clarified by centrifugation at 3,000 x g for 15 min. The virions-containing media was
collected and used to amplify the virus.

One day prior to the collection of the transfected cells, A549 PIV5-V cells were seeded
in a six-well plate at 70% confluency. The following day, the culture media was replaced
with 2 mL of the virions-containing media. The culture was kept for 10 days or until clear
lytic plaques appeared. After the first round of amplification, the viruses were harvested
as previously described and further amplified in A549 PIV5-V cells.

If using the eGFP-DPB construct, the user should observe a fair proportion of
GFP-positive 293T cells after transfection of the reassembly mix. Despite that, the first
passage in A549 PIV5-V cells would only lead to very few replication plaques. This is
expected and suggests that only a limited fraction of the initially GFP-positive 293T cells
actually harbored a fully recombined, replication-competent viral genome. No screening
step is required; the first passage in A549 PIV5-V cells acts as a selection step, only
retaining fully recombined, replication-competent viral genomes. It is reasonable to
assume that such a bottleneck is also present for other constructions (although less
easily visible) and that, therefore, several amplification cycles in the A549 PIV5-V cells are
required to achieve high-titer production. Upon recovery of the recombinant virus, viral
genome sequencing is recommended to verify the integrity of the construct.
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Titration of infectious viral particles

Infectious viral particles were titrated by tissue culture infection dose 50 assay. A549
PIV5-V cells were seeded in a 96-well plate at 80% confluency 1 day prior to the assay.
One day later, the media was renewed with 2% FCS DMEM. Virions were serially diluted
10 by 10 and used to infect the 96-well plate. Cytopathic effects were monitored for 10
days.

Western blot

After 2 days of infection at MOI = 1, cells were scraped and collected in RIPA buffer (150
mM NaCl, 5 mM EDTA, 50 mM Tris-HCI [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1% Triton X-100) supplemented with 1 mM phenylmethylsulfonyl fluoride
and cOmplete protease inhibitor cocktail (Roche). Cells were sonicated for five cycles,
30 s ON/30 s OFF, using a Bioruptor Pico device (Diagenode) at 4°C. Lysate was then
centrifuged at 14,000 x g for 15 min to remove cell debris. Proteins were quantified
using Pierce BCA protein assay kit (Thermo Fisher Scientific). Extracted proteins (35 pg)
were loaded in a 10% SDS-PAGE gel (100 mA, 2 h) and transferred to a polyvinylidene
difluoride membrane (200 mA, 1 h 30) (GE Healthcare Life Sciences). The membrane
was blocked for 1 h in TBS (Tris-buffered saline) supplemented with 0.1% Tween 20
and blocking agent (5% bovine serum albumin [BSA] or 5% milk) (TBS-T BSA/milk).
Viral structural proteins were detected with rabbit antibody (1:10,000 in TBS-T 5% BSA)
(kindly gifted by Prof. Thomas Dobner). Flagged proteins were detected using mouse
anti-FLAG M2 antibody (1:5,000 in TBS-T 5% milk) (Sigma-Aldrich). GFP-fused proteins
were detected using mouse anti-GFP 4B10 (1:2,000 in TBS-T milk) (Cell Signaling). Primary
antibodies were labeled using goat anti-rabbit immunoglobulins/HRP (1:2,000 in TBS-T
5% BSA) (Dako) (structural proteins) or goat anti-mouse immunoglobulins/HRP (1:2,000
in TBS-T 5% milk) (Dako) (GFP and FLAG). Signal was revealed using Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific), and chemiluminescence was read using
ImageQuant LAS 4000 (GE Healthcare Life Sciences).

Viral genome comparison by diagnostic enzyme restriction test

Purified DNA from cells infected with ATCC HAdV-A12 or recombinant HAdV-A12 was
digested using 20 units of BstBl or EcoRV restriction enzymes (New England Biolabs).
After 30 min of digestion, DNA was loaded in 1% agarose gel and run through electro-
phoresis for 1 hat 100 V.

Viral genome sequencing

Next-generation sequencing libraries were prepared from purified DNA extracted from
cells infected with ATCC HAdV-A12 or recombinant HAdV-A12 using lllumina DNA Prep
kit (lllumina, San Diego, CA, USA; Cat. No. 20060059). Library indexing was performed
by PCR amplification using Q5U Hot Start High-Fidelity DNA Polymerase (New England
Biolabs, Ipswich, MA, USA; Cat. No. M0515), following the manufacturer’s recommen-
dations to incorporate unique dual indexes (lllumina, San Diego, CA, USA; Cat. No.
20091660). Libraries were sequenced on an lllumina MiSeq platform using the v2
chemistry (300-cycle kit), generating 2 x 150 bp paired-end reads.

Raw sequencing reads were processed using a custom bioinformatics pipeline. Read
quality was initially assessed using FastQC. Adapter sequences and low-quality bases
were trimmed using fastp, and reads failing quality thresholds were removed. To
eliminate host-derived sequences, reads were mapped with BWA-MEM to the human
reference genome (GRCh38), and unmapped reads were retained for downstream
analyses.

Filtered reads were de novo assembled using SPAdes in careful mode to minimize
mismatches and short indels. Finally, filtered reads were mapped back to the assembled
genomes, and the assemblies were polished using Pilon to correct residual errors.
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Immunofluorescence

Cells were infected with a MOI of 0.5. Twenty-four hours after infection, cells were
washed with phosphate-buffered saline (PBS) and then fixed with a cold methanol/ace-
tone solution (1:1) for 15 min at —20°C. After fixation, cells were washed twice with
eBioscience permeabilization buffer (Invitrogen) and once with permeabilization buffer
supplemented with 2% goat serum (PB-GS). Coverslips were incubated with a rabbit
antibody against adenoviral structural proteins (1:10,000) and a mouse anti-FLAG M2
antibody (1:1,000) (Sigma-Aldrich) in PB-GS for 1 h at 4°C. After two washes with
PB-GS, coverslips were incubated with goat anti-rabbit antibody coupled with Alexa
633 (1:1,000) (Invitrogen), goat anti-mouse antibody coupled with Alexa 568 (1:1,000)
(Invitrogen), and DAPI (1:10,000) (Thermo Fisher Scientific) in PB-GS for 1 h at 4°C.
Coverslips were washed twice with PB-GS and mounted using Fluoromount-G (Invitro-
gen). The slides were imaged using a Leica TCS SP5 microscope.

Viral replication kinetics

Kinetics of infection were compared by flow cytometry. Cells were infected with a
MOI of 0.2 and harvested at four time points (24, 30, 36, and 48 h post-infection). At
the corresponding time point, cells were trypsinized for 5 min. Once cells were fully
detached, trypsin was neutralized using 10% FCS DMEM, and the cell suspension was
collected. Cells were centrifuged at 300 x g for 5 min and washed twice with PBS. Cells
were fixed using 4% PFA for 15 min at 4°C, washed twice with PBS, permeabilized with
PBS Triton 0.1% for 20 min at RT, and washed twice with PBS. Cells were incubated for
1 h at 4°C with anti-adenovirus antibody (MAB 8051, Merck Millipore) used at a dilution
of 1:200 in PBS supplemented with 2% of goat serum (PBS-GS) (Gibco). After two washes
with PBS-GS, cells were incubated for 1 h at 4°C with an anti-mouse antibody coupled
with Alexa 633 (Invitrogen) at a dilution of 1:1,000 in PBS-GS. Cells were washed twice
with PBS-GS and finally resuspended in PBS. The percentage of HAdV-infected cells
was quantified using a CytoFLEX S V4-B2-Y4-R3 Flow Cytometer (Beckman Coulter) and
analyzed using FlowJo software version 10.10.0 (BD Biosciences).

RESULTS
Overview of AdamiForge

We partitioned the HAdV-A12 genome into seven blocks ranging from 3.3 to 7.3 kb
(Fig. 1A; Table S2). When designing the blocks, we sought to preserve the organization
of transcription units and avoid splitting genes across different blocks, thus facilitating
subsequent genetic modifications (Fig. 1A). The only exception is the terminal protein
(TP) whose coding sequence is split between block 2 and block 3. The first step of the
AdamiForge workflow is to release the different blocks from their vector (Fig. 1B). To
achieve this, a Clal restriction site has been added at both ends of each block (the Clal
restriction site, ATCGAT, is not present in the HAdV-A12 genome). Importantly, Clal is
blocked by overlapping dam methylation. If future users wish to modify the plasmids,
they must ensure that no dam methylation site (GATC) overlaps the Clal restriction site
(ATCGAT). Therefore, it is imperative to avoid introducing a G or C flanking the Clal site. Of
note, the BstBI restriction enzyme originally used in the AdenoBuilder system could not
be used here, as BstBI cuts the A12 genome at several places. Each of the seven blocks
shares a short overlapping region (19 bp-30 bp) with their neighboring block to allow
full-length genome reassembly. The reconstructed genome can be directly transfected
into permissive cells to enable the production of new viral particles (Fig. 1B).

The AdamiForge tool is based on the Huie strain (ATCC catalog VR-863). The
reconstituted wild-type AdamiForge virus (AF WT) differs from the Huie strain by a
G-to-C mutation at position 28,212 in the E3 RID-a gene (Fig. 2; Table 1). This muta-
tion generates a GTG-to-GTC synonymous substitution and is therefore not expected
to impact the fitness of the virus. When compared to the commonly used reference
sequence NC_001460.1, AF WT contains eight additional nucleotide substitutions (Fig. 2;
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FIG 2 The AdamiForge WT viral genome differs at nine positions from the commonly used reference sequence NC_001460.1. Sequence comparison of
the HAdV-A12 reference genome (NC_001460.1), the ATCC Huie isolate (VR-863), and the reconstituted AdamiForge genome. The Huie isolate differs from
the reference sequence by eight nucleotide substitutions. The AdamiForge-derived genome contains the same substitutions and harbors one additional

synonymous nucleotide change introduced during cloning. Asterisk indicates four closely spaced mutations, listed from the 5" to 3" end of the sense genome.

Table 1). These differences lead to the changes in 12 codons, 4 of which are synonymous.
Plasmids and AF WT genomic sequences are available in the supporting information
(Table S3).

Block release, genome reassembly, and production of viral particles

The first step of the protocol consists of the digestion of the different plasmids by
Clal to release the blocks. The completion of this step can be verified on agarose
gel. The different plasmids release two fragments: the pJET1.2 backbone (expected at
2,974 bp) and the corresponding block (ranging from 3,316 to 7,358 bp) (Fig. 3A; Table
S2). After Clal digestion, the DNA is precipitated to remove the digestion mix prior
to DNA recombination. Due to the nature of the Gibson assembly and the number
of fragments that need to be ligated together, the complete recombination process is
imperfect (the more fragments present, the lower the probability of obtaining a correctly
assembled full-length genome). It is expected to have numerous truncated versions
of the assembly. Nevertheless, we observed a relatively prominent band around the
expected size (34,125 bp), in addition to all the subproducts of the DNA recombination
(Fig. 3B). The recombination product is transfected into HEK-293T cells to allow the
generation of new HAdV-A12 particles. The main difficulty of the system remains in this
last step, as HAdV-A12 can be harder to propagate than HAdV-C5. After recovery of the
first virions produced in HEK-293T cells, successive rounds of amplification in A549 cells

TABLE 1 Nucleotide differences between the AdamiForge WT genome and the commonly used reference sequence NC_001460.1¢

Position Nucleotide Codon Amino acid
NC_001460.1 AdamiForge Gene NC_001460.1 AdamiForge NC_001460.1 AdamiForge
8043 C G I-Leader: CCT GCT Proline Alanine
Pol AGG AGC Arginine Serine
10252 T @ Non-coding
20197 C A Hexon CAA AAA Glutamine Lysine
24972 C A 100k CAA AAA Glutamine Lysine
33k GCC GCA Alanine Alanine
22k GCC GCA Alanine Alanine
25037 A G 100k : CAA CAG Glutamine Glutamine
33k AAC AGC Asparagine Serine
22k AAC AGC Asparagine Serine
25129 C A 22k CAA AAA Glutamine Lysine
25152 T G 22k T TTG Phenylala. Leucine
25656 C G pViil Cccc CCG Proline Proline
28212*% G C E3 RID-a GTG GTC Valine Valine

“The sequences differ at nine positions, affecting 13 coding sequences. Synonymous mutations are indicated in gray shading. The G-to-C mutation at position 28212,
marked by an asterisk, was absent from the original Huie strain. The other mutations were already present in the Huie strain. The mutated nucleotides are shown in bold.

Month XXXX Volume O Issue 0 10.1128/spectrum.00696-26 8


https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001460.1/
https://doi.org/10.1128/spectrum.00696-26

Downloaded from https://journals.asm.org/journal/spectrum on 28 May 2026 by 193.190.89.131.

Methods and Protocols

A.
Block: 1 2 3 4 5 6 7

C. EcoRV BstBI

10 -

1=

48.5 =

20
15

10

Microbiology Spectrum

AF WT

.
boood
-

[

FIG 3 AdamiForge workflow allows the assembly of full-length HAdV-A12 genome. (A) Individual vector plasmids were digested with Clal to release the

genomic blocks. A 2,974 bp fragment corresponding to the vector backbone was observed in all conditions. A second band was observed ranging in size from

3,316 to 7,358 bp corresponding to the genomic block. (B) Purified genomic blocks were pooled and assembled by Gibson assembly. A prominent DNA band

corresponding to the expected size (34,125 bp) was observed. Additional smaller bands likely represent assembly by-products. (C) Reconstituted viral genomes

were digested with EcoRV or BstBI to verify the restriction profiles. The observed fragment sizes correspond to the expected digestion patterns (EcoRV: 229 [not

visible], 5,928, 6,905, 8,461, and 12,602 bp; BstBI: 1,097, 2,553, 6,669, 9,698, and 14,108 bp).

deficient in IFN signaling (like A549 PIV5-V) will be necessary to achieve a high-titer
production. Finally, the integrity of the reconstituted virus can be quickly checked by
restriction profile. Indeed, restriction of DNA from newly produced virions with EcoRV
yielded five fragments of the following sizes: 229, 5,928, 6,905, 8,461, and 12,602 (the
229 bp fragment cannot be seen). Similarly, digestion with BstBl produced five fragments
of the following sizes: 1,097, 2,553, 6,669, 9,698, and 14,108 bp (although the 1,097 bp
fragment can be difficult to see) (Fig. 3C).

Creation of modified HAdV-A12 using the AdamiForge system

We successfully produced wild-type HAdV-12 using the AdamiForge platform. However,
the true value of this kind of tool lies in their ability to engineer viruses. As proof
of concept, we developed two HAdV-A12 recombinants expressing modified DBP. We
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chose to fuse eGFP to DBP to generate a fluorescently labeled HAdV-A12 (named
AF eGFP-DBP thereafter), enabling applications such as live imaging. In parallel, we
introduced a 3xFLAG-tag into a second DBP construct (named AF FLAG-DBP) to notably
overcome limitations in antibody availability and to facilitate analyses such as Western
blot or co-immunoprecipitation. In both cases, the modifications were introduced at
the N-terminal end of the DBP protein. In practice, we modified the plasmid correspond-
ing to the block 5 to insert the respective tag (eGFP or 3xFLAG) into the DBP coding
sequence. The workflow remains the same, except that the wild-type block 5 is replaced
by its modified equivalent. Clal digestion of this modified block releases the engineered
genomic fragment. Wild-type block 5 fragment is expected at 4,419 bp, eGFP-DBP block
5 at 5,149 bp, and the 3xFLAG-DBP block 5 at 4,498 bp (Fig. S1).

Human lung carcinoma cells A549 PIV5-V were infected respectively by ATCC isolate
VR-863, AF WT, AF eGFP-DBP, or AF FLAG-DBP. As mentioned above, the modifications
address the absence of antibodies against HAdV-A12 DBP. Using commercially available
reagents, we successfully detected the modified HAdV-A12 DBP protein with anti-FLAG
and anti-GFP antibodies (Fig. 4A). The replication kinetics of the recombinant viruses
were assessed to evaluate potential effects of the introduced tags on viral fitness.
The percentage of infected cells was measured by flow cytometry at different time
points post-infection (Fig. 4B). The results show that AF WT and the AF FLAG-DBP
display comparable replication kinetics to those of the ATCC isolate VR-863. However, AF
eGFP-DBP exhibits slower kinetics at early time points but ultimately reaches a similar
percentage of infected cells as the other viruses after 48 h of infection (Fig. 4B). This
delayed replication for AF eGFP-DBP shows that not all modifications are functionally
neutral. Fusion of the 27 kDa eGFP protein to DBP reduces replication kinetics, consistent
with previous descriptions for the HAdV-C5 strain (15). Finally, the cells infected by the
four different viruses were also imaged by confocal microscopy. The eGFP-tagged DBP
allows visualization of DBP without the need for antibodies, while the FLAG-tagged
version provides an accessible epitope for an antibody-based labeling in the absence of
a specific HAdV-A12 DBP antibody (Fig. 4C). The cells observed represent different stages
of the infection cycle. Some cells are in an early stage of the viral cycle, where DBP is
present as small nuclear foci and the viral late proteins cannot be detected. In constrast,
other cells are more advanced in the viral cycle as shown by the strong late proteins’
labeling, where DBP accumulates, takes a larger part of the nucleus, and eventually
concentrates at the nuclear periphery.

DISCUSSION

Although the generation of modified adenoviruses has been possible for decades, most
approaches required cloning the viral genome into a bacmid and using homologous
recombination in bacteria to replace a specific region with the desired sequence (32-35).
Unfortunately, these approaches remain time-consuming and require rare expertise.
Alternative approaches based on the partitioning of the viral genome into several high-
copy plasmids have been developed. Editing of individual plasmids relies on routine
laboratory techniques, while Gibson assembly enables straightforward reconstruction of
the complete viral genome (13, 14). Building on this latter approach, we have developed
a new tool to create HAdV-A12 mutants. The partitioning of the viral genome into seven
blocks allows individual viral genes to be easily manipulated in isolation and then
recombined with other mutations or transgenes. Full-length genome recombination is
achieved within one day, and recombinant viral stock can be expected within two weeks.
Recently, Vergnes and colleagues developed an elegant protocol for manipulating the
adenoviral genome, called AdVICE (36). Thus, the viral genome is cloned into a plasmid,
and its modification is achieved through targeted CRISPR/Cas9-mediated cleavage and
Gibson assembly. In theory, engineered HAdV-A12 could be generated with either
AdVICE or AdamiForge within comparable timeframes and with similar technical
expertise.

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.00696-26 10


https://doi.org/10.1128/spectrum.00696-26

Downloaded from https://journals.asm.org/journal/spectrum on 28 May 2026 by 193.190.89.131.

Methods and Protocols Microbiology Spectrum

A.

o

VR-863 WT eGFP FLAG 100 -
- | s
g 80 -
— --4— Hexon T 70
§ 60 -
,‘:‘11: 50 -
VR-863 WT eGFP FLAG E a0 |
o
- 6|_ A Do
§ 20 ¢
b. =~ Hexon E 10 ATCC --WT GFP -+-FLAG
—
0 + ; 4 ;
24 30 36 a2 a8

Time post-infection (hours)

Late proteins

FIG 4 AdamiForge-based HAdV-A12 recombinants enable detection of the viral DNA-binding protein in the absence of specific antibodies. (A) A549 cells were
infected with ATCC isolate VR-863, AF WT, AF eGFP-DBP, or AF FLAG-DBP. Modified DBP proteins were detected using commercially available antibodies. (B) Viral

replication kinetics were monitored by flow cytometry. Percentage of infected cells was monitored at four time points post-infection. P-values were calculated

VR-863

AF

AF eGFP-DBP

AF FLAG-DBP

by t-tests. Only significant differences are shown. (C) Infected cells were imaged by confocal microscopy. eGFP-DBP was visualized directly, and FLAG-DBP was
detected using commercially available anti-FLAG antibody. P-values were calculated by t-tests. Only significant differences are shown ( *P < 0.05; **P < 0.01).

In addition to the reconstitution of wild-type HAdV-A12, we engineered the virus to
express modified DBP in two different ways: a FLAG-tagged version and a fluorescently
labelled version generated by fusion with eGFP. The AF eGFP-DBP allows the visualization
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of viral replication centers in infected cells without using standard immunostaining
methods. The morphology of DBP evolves during the infection, appearing as small
nuclear foci in the early stages, then developing into larger structures, and finally
concentrating at the nuclear periphery in the later stages. Because AF eGFP-DBP displays
a slight delay in replication, the use of AF 3xFLAG-DBP would be more suitable for studies
requiring minimally perturbed viral behavior.

Although it is not within the scope of this article, the AdamiForge tool could be
instrumental in extending our knowledge of HAdV-A12 and for the design of A12-
based therapeutics, viruses, and vectors. As opposed to its congeneric counterpart
HAdV-C5, which has been extensively studied, HAdV-A12 has been relatively overlooked.
Consequently, the panel of available tools, such as reverse genetics systems or antibod-
ies, remains very limited. Nevertheless, HAdV-A12 is not without significance. Adenovi-
ruses species A, and in particular HAdV-A12, were the first human viruses shown to
promote tumors in non-human models (25-28). In contrast, HAdV-C5 displays a much
lower oncogenic potential in animal models. These distinct cell-transforming abilities
have been notably linked to differences in the ETA and E1B-55k proteins, but a compre-
hensive understanding of A12 oncogenic properties has been limited by the absence
of a reverse genetics tool for HAAV-A12 (37). It is precisely because of their oncogenic
properties in rodents that species A adenoviruses have not been considered suitable
candidates to serve as the basis for oncolytic viruses, vaccines, or gene therapy vectors,
even though no link has ever been observed between infection with species A and
cancer in humans. Interestingly, a C5-based replicative vector expressing the A12 E1A
protein has been shown to kill prostate cancer cells (38, 39). Thus, the availability of a
reverse genetics tool for HAdV-A12 could also spur the testing of A12-based oncolytic
vectors. The use of first-generation adenoviral vectors for vaccine application has been
successfully demonstrated during the SARS-CoV-2 pandemic. Albeit the AstraZeneca
COVID-19 vaccine contributed to save countless lives, its use has been associated with
a rare but severe autoimmune reaction characterized by a combination of thrombotic
events and thrombocytopenia (40). Mechanistically, PF4 protein (Platelet Factor 4) binds
to the vaccine capsid, setting off the production of anti-PF4 antibodies (41). These
autoantibodies will in turn trigger vaccine - induced immune thrombotic thrombocyto-
penia (VITT). Since then, the scientific community has devoted considerable effort to
addressing this issue, mainly by selecting adenoviral capsids that do not bind PF4.
Interestingly, the HAdV-A12 capsid does not seem to bind PF4, suggesting that an
A12-based vector should not elicit VITT (42). Thus, the AdamiForge tool could be used to
design A12-based vaccines and evaluate their efficacy and safety profile. Although they
belong to the same genus, adenovirus species display distinct characteristics. While the
genome organization is broadly conserved, function and/or subcellular localization of
certain proteins substantially differs, and certain regions, such as E3, exhibit species-spe-
cific organization (43). For example, species A does not encode the E3 gp19k protein
responsible, in HAdV-C5, for MHCI downregulation (44). Although p53 inactivation is
conserved among adenoviruses, the mechanisms differ between species. For instance,
the E4orfé - E1B-55k complex from HAdV-C5 mediates p53 degradation via a Cul5-
based ubiquitin ligase complex, whereas HAdV-A12 recruits a Cul2-based complex (45).
Another example concerns the antagonism of the innate immune effector APOBEC3B, a
cytidine deaminase that exerts selective pressure and restricts adenovirus replication by
introducing mutations into the viral genome (46). While HAdV-C2 promotes a reduc-
tion of APOBEC3B protein levels, HAdV-A12 does not. Instead, HAdV-A12 lowers the
enzymatic activity of APOBEC3B (47, 48). To date, the molecular mechanism underlying
the antagonization of APOBEC3B remains unknown. Thus, the aforementioned examples
highlight the importance of developing research tools for HAdV-A12 (as well as for the
many other understudied adenoviruses).

In summary, we have adapted the modular AdenoBuilder system to the HAdV-A12
strain, creating a new reverse genetics tool for A12: AdamiForge. This tool enables the
generation of all types of mutant viruses, including insertion, deletion, or modification
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of specific genes, all of which can be combined within a single final construct. Such
an instrument can notably compensate for the lack of antibodies specific to HAdV-A12.
AdamiForge fills a gap in the adenovirus field. It will enable a more comprehensive
understanding of HAdV-A12 physiology and support the field through comparative
studies with related viruses.
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