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Adenoviruses (Ads) are potent gene delivery vectors for in vitro
and in vivo applications. However, current methods for their
construction are time-consuming and inefficient, limiting their
rapid production and utility in generating complex genetic
libraries. Here, we introduce FastAd, a rapid and easy-to-use
technology for inserting recombinant “donor” DNA directly
into infectious “receiver” Ads in mammalian cells by the
concerted action of two efficient recombinases: Cre and Bxb1.
Subsequently, the resulting mixed recombinant Ad population
is subjected to negative selections by flippase recombinase to
remove viruses that missed the initial recombination. With
this approach, recombinant Ad production time is reduced
from 2 months to 10 days or less. FastAd can be applied for
inserting complex genetic DNA libraries into Ad genomes, as
demonstrated by the generation of barcode libraries with over
3 million unique clones from a T25 flask-scale transfection of
3 million cells. Furthermore, we leveraged FastAd to construct
an Ad library containing a comprehensive genome-wide
CRISPR-Cas9 guide RNA library and demonstrated its effec-
tiveness in uncovering novel virus-host interactions. In sum-
mary, FastAd enables the rapid generation of single Ad vectors
or complex genetic libraries, facilitating not only novel applica-
tions of Ad vectors but also research in foundamental virology.

INTRODUCTION

Adenoviruses (Ads) are widely used viral vectors in basic research and
translational applications, including genetic vaccines, gene therapies,
and oncolytic viruses.' > Ads offer several useful features, including:
(1) a large DNA coding capacity (up to 36 kilobase pairs [kbp]),
(2) over 100 genetically distinct serotypes/genotypes for varied
cellular tropisms, (3) stable virions suitable for lyophilization and
long-term storage at ambient temperatures, and (4) scalable good
manufacturing practice (GMP) production, as demonstrated by the
production of over 3 billion Ad vaccines during the COVID-19
pandemic."°

Despite these advantages, constructing recombinant Ad vectors is
slow and inefficient. Historically, Ad genome modifications have
been performed directly on viral DNA (vDNA) or on recombinant

plasmids/bacmids by three methods: (1) direct in vitro modification
using restriction enzymes and ligases,”” (2) homologous recombina-
tion in mammalian cells,” "> and (3) homologous recombination in
bacteria.'”™'® Bacterial homologous recombination is currently the
preferred choice due to its higher efficiency and reproducibility,
bypassing laborious plaque purification processes typically required
by other methods."” "> However, this method also has a major draw-
back: inherently low efficiency in generating infectious viruses from
bacteria-derived DNA.

For example, 1 ng of a 36 kbp recombinant Ad DNA contains approx-
imately 3 x 10' viral genomes, but only about 50 infectious viral
clones are rescued from this amount of DNA.'” This low efficiency,
with just 1 in 6 x 10® recombinant Ad DNAs becoming infectious, is
primarily due to the absence of adenoviral terminal proteins (TPs)
on bacteria-derived Ad DNA, which are essential for nuclear localiza-
tion and initiating viral replication.'® >’ TP-deficient Ad DNA is 100 to
1,000 times less efficient in producing infectious virus compared with
naturally TP-capped Ad DNA.*"** As a result, virus rescue is slow,
requiring serial amplification in larger cultures and extending the pro-
cess to up to 2 months from recombinant DNA to large-scale Ad pro-
duction.”>** This inefficiency is especially problematic during health-
care emergencies, such as pandemics, when rapid vaccine production
or adaptation to evolving pathogens is crucial.*®

Moreover, the inefficiency of converting bacteria-derived recombi-
nant DNA to infectious virus significantly limits the generation of
diverse Ad libraries, which are essential for selecting functional trans-
genes or capsid variants.”>*” To address the challenge, researchers
have explored alternative approaches, including ligating TPs to
plasmid-based cDNA libraries®® or using the Cre/loxP recombinase
system to produce recombinant Ads.”>**"*' While these systems offer
improvements over the classical workflow, there remains a need for a
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Figure 1. The design logic of the FastAd system

(A) The W and basic recombinase recognition sites on receiver Ad backbone. W, adenoviral packaging signal; ITR inverted terminal repeat; attP, phage attachment site of Bxb1. (B)
The basic recombinase recognition sites on circular donor DNA. attB, bacterial attachment site of Bxb1. (C) The components and general workflow for recombinant Ad production
by FastAd. Transfected DNA fragments are inserted into receiver Ads by Cre and Bxb1 in the first producer cell line, followed by a negative selection within the second producer cell
line expressing FLP. (D) Insertion of donor DNA mediated by Bxb1 and Cre. attL/attR, attachment site left/right. (E) Negative selection: excision of W by FLP.

more convenient, efficient, and versatile tool that can better support
diverse research goals.

To expedite Ad production and generate large-scale genetic Ad
libraries, we present FastAd. FastAd is an easy-to-use Ad vector
construction method with three components: (1) an infectious
receiver Ad vector with naturally TP-capped genomes, (2) recombi-
nant donor DNA from synthesis, PCR, or plasmids, and (3) two
producer cell lines expressing Cre/Bxbl or flippase (FLP) recombi-
nase. By utilizing these recombinases, FastAd enables precise inser-
tion of recombinant DNA into Ad genomes and removes the major-
ity of non-integrated receiver Ads through negative selection. We
verified the FastAd’s efficiency in generating individual Ads and
complex Ad libraries in this study.

RESULTS

FastAd strategy

To circumvent the laborious and time-consuming process of cloning/
rescuing adenoviral vectors, we designed FastAd. This method facil-
itates the direct insertion of recombinant DNA into the genomes of

receiver Ads within infected mammalian cells using Cre and Bxbl
recombinases. While Cre mediates recombination between loxP sites,
Bxbl, a large serine recombinase, recognizes minimal 48-bp attP
(attachment phage) and 38-bp attB (attachment bacterial) sites.
Bxbl mediates irreversible and unidirectional integration of donor
DNA,**** thus promoting the formation of integrated Ads, which
contrasts with the reversible nature of the Cre/loxP system. In
addition, FLP-FRT recombination, which mediates recombination
between two FRT sites and was shown to efficiently delete Ad pack-
aging signal (¥) in the helper-dependent adenoviral vectors,”* is
implemented for negative selection in FastAd.

Receiver Ads were designed to contain a landing region containing a
loxP site, an FRT site, and an attP site for recombination of incoming
donor DNA (Figure 1A). To negatively select against Ads that escape
the insertion of incoming donor DNA, the other FRT site was placed
at the 5 end of the W. Circular DNA donor shuttles contain a gene of
interest (GOI) flanked by one loxP site and one attB site (Figure 1B).
Producer cells were generated to express Cre and Bxb1 or FLP to act
upon these cassettes (Figure 1C).
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Figure 2. Vector backbones for testing the efficiency of the FastAd system by fluorescent protein reporters

(A) Receiver RC-Ad6-mTagBFP2 backbone with the FastAd cassette containing a CMV promoter and a mTagBFP2 reporter between the E7A and £7B genes. CMV, human
cytomegalovirus immediate-early promoter; poly(A), polyadenylation signal. (B) Donor DNA plasmid with a loxP-mGreenlLantern-attB-/loxP cassette. (C) Negative selection
mechanism by FLP-mediated excision of W. The efficiency of negative selection can be evaluated by the loss of mTagBFP2 expression in infected cells. (D) Insertion of
mGreenLantern gene by Bxb1 and Cre. The final form of integrated Ads is not susceptible to negative selection.

FastAd recombination is initiated by transfection of donor DNA
followed by infection with the receiver Ads in the Cre- and Bxbl-ex-
pressing cells (Figure 1C). When the Bxb1-mediated DNA integration
events take place, integrated Ads enter an intermediate state wherein
the second FRT site (toward the 3’ end of the Ad genomes) is flanked
by two loxP sites. The recombinase activity of Cre favors deleting this
second FRT site on the genome (Figure 1D), thus preventing the ¥
on integrated Ads to be deleted in FLP-expressing cells. In contrast, if
no GOI is inserted, FLP will delete the W, generating a viral genome
that cannot be packaged or propagated (Figure 1E). Viruses are then
serially amplified in the FLP-expressing cell line to eliminate all non-
integrated receiver viruses containing two FRT sites (Figure 1C).

Testing and benchmarking the efficiency of FastAd

As a proof-of-concept, we constructed a replication-competent
receiver Ad backbone (RC-Ad6-mTagBFP2) with an FRT site to
the left of W and, at the same time, incorporated a FastAd integra-
tion cassette between the Ad EIA and EIB genes. This cassette con-

sists of a human cytomegalovirus (CMV) immediate-early pro-
moter, a loxP site, an FRT site, an attP site, a blue fluorescent
protein reporter (mTagBFP2) gene, and a bovine growth hormone
(bGH) polyadenylation signal (Figure 2A). For donor DNA, a
plasmid was constructed containing a green fluorescent reporter
(mGreenLantern) gene and an attB site, both flanked by two loxP
sites (Figure 2B).

When the receiver Ads enter FLP-expressing cells, ¥, EI1A gene, and
CMV promoter responsible for driving mTagBFP2 expression, will be
deleted (Figure 2C). Therefore, loss of mTagBFP2 expression marks
the elimination of W from Ads that escape the initial integration by
Cre/Bxbl. On the other hand, when we provide mGreenLantern
donor DNA plasmids into the Cre- and Bxbl-expressing producer
cell line, the backbone sequences of donor DNA plasmid (antibiotic
resistance gene and origin of replication) that are flanked by two
loxP sites will be removed by Cre. This process yields a ready-to-inte-
grate, circular JoxP-mGreenLantern-attB donor DNA fragment
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(Figure 2D). When this circular DNA donor fragment is inserted into
the receiver Ad backbones by Bxbl, this integration generates an in-
termediate Ad with the second FRT site flanked by two loxP sites. The
second FRT site is subsequently eliminated by Cre, resulting in the
desired mGreenLantern-expressing recombinant Ad that resists
FLP-mediated negative selection (Figure 2D).

Alternatively, at lower efficiency, the donor DNA can also undergo
integration by Cre, followed by Bxbl cleaving the FRT sites with
the attP/attB pair (Figures SIA and S1B). Because of the existence
of this alternative integration pathway (Figure S1B), we can evaluate
not only the efficiency of FastAd by assessing the intensity of
mTagBFP2 and mGreenLantern fluorescence signals in infected cells,
but also compare its efficiency to the Cre/loxP integration system that
is only mediated by Cre.”!

To assess the efficiency of negative selection, 293 and 293-FLP cells
were infected with 1,000 viral particles (vp) per cell of the receiver
virus, RC-Ad6-mTagBFP2. After 48 h, it was observed that 99.6% of
the 293 cells were positive for mTagBFP2, while only 1.34% of
293-FLP were mTagBFP2 positive (Figure 3A), demonstrating
the efficiency of negative selection for eliminating non-integrated
receiver Ads.

To test the efficiency of donor DNA insertion, 293, 293-Cre, and
293-Cre+Bxbl cell lines were transfected with or without mGreen-
Lantern donor plasmids. After 16 h, these cells were infected with
receiver RC-Ad6-mTagBFP2 or left untreated (Figure 3B). Flow
cytometry analysis at 48 h after infection demonstrated a substantial
increase in mGreenLantern-positive cells to 66.6% in 293-Cre+Bxbl
cells (Figure 3C). In contrast, 293-Cre had a less substantial increase
in mGreenLantern positivity (35.24%). The negative control 293 cells
displayed only minimal mGreenLantern fluorescence, representing
the background signal (7.93% total) (Figure 3C). Significantly, a
distinct population exclusively expressing mGreenLantern (30.3%)
was observed in the 293-Cre+Bxb1 producer cells, a percentage mark-
edly higher than that observed in the 293-Cre (2.54%) and 293 cells
(0.19%) (Figure 3C). This observation indicates that the mGreenLan-
tern DNA fragments have successfully been integrated into a large
portion of receiver Ads even before the transcription of mTagBFP2
from the original backbone.

In the negative selection scenario, Cre alone lacks the capability to
remove the second FRT site from the receiver Ad backbone (Fig-
ure SIB). When the mixed Ad population produced from 293-Cre
cells (Cre/loxP system) was used to infect 293-FLP cells, there was a
notable decrease in both mTagBFP2 and mGreenLantern’s expres-
sion level when compared with the results in 293 cells (Figure 3D).

When using the Ad population derived from 293-Cre+Bxbl cells
(FastAd) to infect 293 cells, most cells are both mTagBFP2 and mGreen-
Lantern positive (Figure 3E). In contrast, when infecting 293-FLP cells,
minimal mTagBFP2 signal from the non-integrated receiver virus was
observed, and almost all cells exclusively expressed mGreenLantern

Molecular Therapy: Methods & Clinical Development

(Figure 3E). These findings suggest that genes of interest are efficiently
knocked into the receiver virus in 293-Cre+Bxb]1 cells, while elimination
of non-integrated receiver viruses is achieved in 293-FLP cells.

Flow cytometry assesses the efficiency of FastAd by reporter gene
expression, but it does not provide information at the DNA level.
To address this, total genomic DNA (gDNA) from the transfected/in-
fected cells were analyzed by quantitative PCR (qPCR) to detect inte-
grated mGreenLantern DNA fragments. To distinguish the amplified
mGreenLantern DNA fragments in Ad genomes by viral replication
from those in transfected donor plasmids, we designed the qPCR am-
plicon to comprise two Dpnl restriction endonuclease sites. When
this DNA is treated with Dpnl, methylated DNA derived from bacte-
ria is digested,” while unmethylated viral and mammalian DNA stays
intact (Figure 3F). By this approach, a 50-fold increase in the number
of mGreenLantern copies within Ad genomes was observed in
293-Cre+Bxb1 cells when compared with 293-Cre cells (Figure 3G).
Despite the moderate mGreenLantern expression observed in flow
cytometry analysis from 293-Cre cells (Figure 3C), only minimal
amounts of mGreenLantern DNA were amplified from these cells
(Figure 3G). This implies that these fragments were primarily
shuffling between Ad genomes without undergoing viral replication
in 293-Cre cells. Also, FLP-mediated negative selection increased
the ratio of mGreenLantern DNA copies to Ad-hexon DNA copies
(Figure 3H), demonstrating the efficient removal of non-integrated
Ads by negative selection with FLP.

Evaluating the purity and the quality of recombinant Ads
produced by FastAd

To evaluate the purity of the final recombinant Ad preps from FastAd,
the viruses from each T25 flask transfection were amplified through
five passages in either 293 cells or 293-FLP cells until reaching the
scale of a 10-layer CellSTACK culture chamber (6,360 cm®) over
the course of 18 days (Figure 4A). These viruses were purified on
CsCl gradients. A549 cells were infected at varying multiplicity of in-
fections (MOIs) (50, 1,000, and 10,000 vp/cell) of the purified Ads and
flow cytometry analysis was performed to detect mTagBFP2 and
mGreenLantern expression. Consistent with earlier findings, Ads
grown in 293-Cre+Bxbl cells had the highest mGreenLantern re-
porter activity when compared with other cells (Figure 4B). Impor-
tantly, 99.5% of cells infected with 10,000 vp/cell of purified Ads
from the 293-Cre+Bxb1 plus negative selection group (Cre"Bxbl™
FLP") were almost exclusively positive for mGreenLantern and
negative for mTagBFP2. The level of mGreenLantern expression
was similar to that expressed by a positive control Ad vector, where
an identical mGreenLantern integration was achieved by traditional
recombination method in bacteria (Figure 4B).

To obtain more quantitative information on mGreenLantern integra-
tion efficiency and compare the distribution of integrated and non-in-
tegrated Ads in the purified virus stocks, purified VDNA was analyzed
by Sanger sequencing (Figure 4C). Ads from Cre Bxbl FLP~ and
Cre"Bxbl FLP~ groups displayed sequencing peaks identical to the
reference non-integrated receiver Ad, indicating the integrated
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Figure 3. Evaluation of FastAd efficiency
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population is very low and below the detection limit of Sanger
sequencing. In contrast, 5%-14% of Ads from the Cre'Bxbl"FLP~
group contained mGreenLantern sequence (Figure 4D), as determin-
eted by the decomposition of the Sanger sequencing result using
BEAT software.”® Significantly, the sequencing results showed the
Ad population grown in the Cre"Bxb1"FLP" group have a completely
identical sequence to the positive reference Ads (Figure 4C), high-

lighting the performance of the negative selection system in removing
non-integrated Ads.

qPCR of vDNA confirmed that the integration efficiency in the
Cre"Bxb1"FLP™ group (FastAd-integration step only) was 100-fold
higher than in vDNA from the Cre"Bxbl “FLP~ group (Cre/loxP inte-
gration) (Figure 4E). With negative selection in the Cre"Bxb1*FLP*
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Figure 4. Evaluation of the purity/infectivity/DNA replication of Ads generated by FastAd

(A) Scheme of virus preparation for purity assessment experiments. (B) Purified Ads and the positive control Ad were used to infect A549 cells at MOls of 50, 1,000 and
10,000 vp/cell to compare the efficiency of FastAd and degree of contamination from the original receiver Ads. (C) The purified vVDNA from each group was analyzed by
Sanger sequencing with a primer annealing to the CMV promoter. The sequencing peak views were visualized with SnapGene Software. (D) Base calling ratio from the
sequencing results of purified Ad DNA from the Cre*Bxb1*FLP~ group was analyzed by the BEAT software to evaluate integration efficiency. (E) Relative mGreenLantern
copies within purified VDNA, normalized to Ad-hexon copies. Statistics of relative mGreenlLantern copies/hexon copies were performed by one-way ANOVA and Tukey’s

(legend continued on next page)
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group, the integration efficiency was 10-fold higher than in vDNA
from Cre"Bxbl"FLP~ group and 1,000-fold higher than in vDNA
from the Cre'Bxbl FLP™ group (Figure 4E). The prevalence of
receiver Ad-specific sequences (loxP-FRT-attP cassette) after the
negative selection was also confirmed to be extremely low
(<0.0004%) in the Cre'Bxbl1*"FLP" group (Figure 4F), indicating
that the FastAd system can yield nearly pure recombinant virus after
five negative selection passages.

To assess if the Ads produced from FastAd have similar properties
to the Ads made by the traditional recombination method in bacteria,
we titered the infectious units (ifu) and determined the vp to ifu ratio
of each Ad. By analyzing the receiver Ad (RC-Ad6-mTagBFP2), the
mGreenLantern integrated Ad (by FastAd) and the mGreenLantern
integrated Ad (by traditional method), the results showed there is
no statistical difference in their infectivity (Figure 4G). We also
measured each Ad’s vDNA amplification at 4, 24, 48, and 72 h
post-infection in A549 cells by gPCR and demonstrated there was
no difference in their DNA replication kinetics (Figure 4H).

It has been well documented that rescuing El-deleted replication-
defective Ads (RD-Ad) in 293-based cell lines can spontaneously
generate a rare population of RC-Ads by homologous recombination
between RD-Ad genomes and endogenous Ad5 partial gDNA in 293
37239 Consistent with the earlier findings, when we used a qPCR
primer set that only targets Ad5 EI sequences, we observed such a
fragment within the total Ad genomes with frequencies about
2 x 107% to 2 x 107° percent (Figure 4I), indicating that there is
recombination events between receiver Ads/integrated Ads and
endogenous Ad5 DNA fragments in 293 cells for generating such a
population. However, similar contamination levels were observed in
both Ads rescued by FastAd or Ads rescued by the traditional method
(Figure 4I). To mitigate this risk of Ad5 EI recombination, A549-
Cre+Bxb1 and A549-FLP cells were generated. Although the rescue
efficiency is lower than 293-based cells, which require more rounds
of passages to reach decent titers, we also rescued conditionally repli-
cating adenovirus (CRAd) expressing mGreenLantern (Figure S2A),
murine OX40L (Figure S2B), and murine CD40L (Figure S2C) in
the A549-based cell lines.

cells.

Flexible forms of donor DNA and Ad backbones for FastAd

To further simplify the process for generating donor DNA and
eliminate steps required for cloning of donor DNA plasmids in
bacteria, oligos were designed to contain overhangs with the
recombinase recognition sites to form a donor DNA with the
structure of loxP-GOI-attB-loxP (Figure 5A), which can be circu-
larized in Cre-expressing cells. Initially, this approach encountered
some technical issues because PCR oligos containing loxP se-

quences can form primer dimers (Figure S3). However, this prob-
lem was later solved by amplification of the DNA fragment (loxP-
mGreenLantern-attB-loxP) using iProof DNA polymerase in GC
buffer supplemented with 3% DMSO (Figure 5B). When this
PCR product was transfected as donor DNA into 293-Cre+Bxbl
cells and co-infected with RC-Ad6-mTagBFP2, at least 45% of cells
expressed mGreenLantern (Figure 5C). This result demonstrated
that PCR products can serve as FastAd donor DNAs.

We also developed a two-step PCR approach to circumvent the loxP
primer dimer problem by separately PCR amplifying the GOI with
primers containing only one loxP sequence at a time (Figure 5D).
For example, the influenza A nucleoprotein (NP) cassette (loxP-
CMV-NP-attB-loxP) was amplified by a two-step PCR in a standard
PCR master mix (Platinum SuperFi PCR Master Mix) (Figure 5E). To
demonstrate that FastAd can be used to engineer other types of Ad
vectors, NP was knocked into a pIIIA-deleted single-cycle adenovirus
(SC-Ad).*® To do this, the PCR-amplified CMV-NP cassette was
transfected into 293-Cre+Bxbl-pllla cells and then infected with a
receiver virus (SC-Ad6-empty). After five passages in 293-FLP-pllla
cells for negative selection and CsCl gradient purification, SC-Ad6-
NP was demonstrated to express influenza A NP protein by western
blot after infection of A549 cells (Figure 5F).

Rapid production of recombinant Ads by FastAd

After successfully producing high titers of recombinant Ads by
FastAd within 18 days after five passages (P5) of negative selection
in the 293-FLP cell line (Figure 4A), our next goal was to determine
the optimal number of passages of negative selection to find the goldi-
locks zone between purity, yield, and production time.

Based on earlier results, 5%-14% of GOI integrated viruses and
86%-95% of non-integrated viruses were observed prior to FLP-medi-
ated negative selection (Figure 4D). Although the W of non-integrated
Ads can be eliminated upon passage into the FLP-expressing cell line,
these W-deleted Ads can still replicate their DNA and compete for re-
sources with the desired GOI-integrated Ad during the initial round of
negative selection. This competition may lead to a reduced number of
the desired recombinant Ads being packaged and hence result in lower
viral titers. To prevent potential loss during a single round of negative
selection, we started with a minimum of two rounds of negative selec-
tion (P2) in 293-FLP cells and tested this in rescue of an oncolytic
CRAd6-mOX40L virus. Integration by Cre+Bxbl and two rounds of
negative selection shortened the time to produce large-scale CsCl-puri-
fied virus to 10 days from start to finish (Figure 6A). Under this accel-
erated protocol, the total yield of CRAd6-mOX40L was 1 x 10> vp after
CsCl gradient purification, which equates to approximately 50-100
oncolytic virus doses for typical studies using mouse models.*’

multiple comparisons test (***p < 0.0001). (F) Relative abundance of non-integrated receiver Ad sequences when normalized to hexon copies. Statistics of relative
mGreenLantern copies/hexon copies were performed by one-way ANOVA and Tukey’s multiple comparisons test (*p < 0.002, **p < 0.0002). (G) Viral particle (vp)/in-
fectious unit (ifu) ratio of receiver Ads, Ads generated by FastAd, or by traditional method (homologous recombination in bacteria). Statistics of genome hexon copies were
performed by one-way ANOVA and Tukey’s multiple comparisons test (ns, not significant). (H) Viral DNA replication kinetics between receiver Ads, Ads by FastAd, and Ads by
the traditional method were analyzed by gPCR. (I) Relative Ad5 E7 gene recombinant copies by qPCR of receiver Ads, Ads by FastAd and Ads by the traditional method.

Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024 7


http://www.moleculartherapy.org

A B
loxP
loxP -
= [mG] attB loxP
ly PCRl
PCR l -
loxP
—D- MG
—p——COI——>p— loxP-mG-attB-loxP
. PCR fragment
Transfectlonl Cre-expressing
el loxP-mG-
Ladder attB-loxP
;
—
Co o =
947, E
Circular donor DNA gg; T e
125
D
Two-step PCR
Adaptor 1
loxP
—il——
E
Adaptor 1 primer l PCRq Adaptor2
> PCR Steps
= ol = B NP 12
lPCRZ Y S
loxP
1904
= BO——=—p— 0 i =«
831
Cre- expressm Transfection oy
cells
1254
Circular
loxP
or aus donor DNA

Molecular Therapy: Methods & Clinical Development

loxP-mG-
attB-loxP

Control

—D—{mCH—m>-—

Transfection l Cre

@ |
8238 |

5 3

mGreenLantern

2100 100 10°

mTagBFP2

10

attP
l Bxb1

loxP

ITR [E1A] mTagBFP2 ~ITR

attR

%@

f

ITR —{ETA} (iG] {FiTEEBEP2 JBOVAYETE}— - TR

F

Figure 5. PCR-amplified DNA donors and flexible Ad backbones for FastAd
(A) One-step PCR protocol for the generation of donor DNA fragments containing recombinase recognition sites. (B) Example of one-step PCR amplification of mGreen-
Lantern as DNA donor with the iProof DNA polymerase. (C) Ad backbone diagram and evaluation of the FastAd system using a PCR-amplified mGreenlLantern DNA donor.
293-Cre+Bxb1 cells were transfected with or without PCR-amplified loxP-mG-attB-loxP fragments and infected with RC-Ad-mTagBFP2 for flow cytometry analysis at 48 h
post-infection. (D) Two-step PCR protocol for generating the FastAd DNA donors. (E) Representative results of the two-step PCR protocol for the generation of a loxP-CMV-
NP-attB-loxP DNA donor. NP, influenza nucleoprotein cDNA. (F) Ad backbone diagram and western blot analysis of Influenza-NP expression in A549 cells infected with

1,000 vp/cell of FastAd-generated SC-AdB-NP at 48 h post-infection.

CRAd6-mOX40L produced by this accelerated 10-day rescue protocol
was 99.92% pure, with less than 0.08% of the original receiver Ads re-
maining in the final purified Ad preparation (Figure 6B). Flow cytom-
etry analysis confirmed the expression of mOX40L protein by CRAd6-
mOX40L after infection of A549 cells (Figure 6C).

Later, we further passaged this virus for few more rounds into the
293-FLP negative selection cells to compare their purities between
different passages. We observed more than 10-fold reduction in
receiver Ad copies in the P3 sample when compared with the P2
sample (Figure 6D). However, further negative selection after P3
did not give statistically significant reduction in receiver Ad genome
copies. In addition, quantification of Ad5 EI gene fragment in puri-
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fied Ads from each passage demonstrated similar contamination level
(1x10°to1 x 107> percent) of Ad5 EI recombinants (Figure 6E).

Overall, these data demonstrate that the FastAd system enables the
rapid production of high-titer purified recombinant Ad from donor
DNA in just 10 days (P2). However, performing three passages in
293-FLP-negative selection cells (P3) can further reduce receiver
Ad contamination, providing an optimal balance between production
time, yield, and purity.

Rapid generation of complex adenoviral libraries by FastAd
We next evaluated the ability of FastAd to rapidly generate
complex genetic libraries in adenoviral vectors, a task unachievable
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Figure 6. Expedited workflow for producing
recombinant Ads with high titers

(A) A 10-day workflow of the FastAd system for amplifying
recombinant Ads to the scale of a 10-layer CellSTACK
culture chamber. (B) Relative copies of non-integrated
receiver CRAJ6-CMV normalized to Ad-hexon copies to
assess the purity of the Ad generated by the two-round
negative selection protocol. (C) Flow cytometry analysis
confirmed the expression of mOX40L expression on
AbB49 cells at 48 h post-infection at MOI of 1,000 vp/cell
for CRAdB6-mOX40L. (D) Relative copies of non-
integrated receiver Ads between passages P2, P3, P4,
and P5. Statistics were performed by one-way ANOVA
and Tukey’s multiple comparisons test (***p < 0.0001).
(E) Relative Ad5 E7 gene recombinant copies by gPCR.

the N17 library had a high diversity, with
96.59% of all sequences being unique (Fig-
ure 7D), while maintaining an unbiased nucle-
otide distribution (Figure 7E).

Considering the upper limit of NGS output is
about 40 million reads/sample in this study,
we started the experiment with a T25 flask scale
of transfection to estimate the library diversity.
This N17 PCR product library was transfected
into a T25 flask of 293-Cre+Bxbl cells and
infected with a receiver virus (RC-Ad6-empty-
RSV-mGreenLantern). This population was
passaged 5 times in 293-FLP cells from a
T25 flask scale (25 cm?) to reach a 10-layer
CellSTACK scale (6,360 cm?) to be able to
be purified on CsCl gradients. The random
17-mer region was subsequently amplified
from purified vDNA across three independent
replicates and analyzed by NGS (Figures 7F
and 7G). The average number of unique reads

Relative percentage (%)

0.000001

, from the Ad-N17 libraries was 3.01 x 10°

0.001

Relative percentage (%)
of receiver Ads

1 1 1 1
0.0001 P2 P3 P4 PS5

following conventional protocols for Ad cloning and rescue. To
quantitatively assess the library size, oligonucleotides containing
17-mer random nucleotides (N17) with up to 1.718 X 10'° variants
were synthesized. One-step PCR was used to amplify the N17 se-
quences and to add FastAd recombinase recognition sites for inte-
gration. To confirm the quality and library diversity, this PCR
product was first subjected to next-generation sequencing (NGS)
to examine library diversity before using it for integration
(Figures 7A and 7B). Of the total of 4.35 x 107 output NGS reads,
3.95 x 107 reads mapped to the N17 oligonucleotide, with
3.81 x 107 reads occurring only once (Figure 7C). As expected,

from an average of 4.13x 10" mapped reads
(Figure 7H).

While we noted a decrease in library diversity in

Ad-N17 libraries compared with the original
PCR template (Figures 7D and 7I), it is important to highlight that
the library diversity still remains at a million scale. The nucleotide dis-
tribution remained unbiased after integration into Ads (Figure 7]). In
another pilot study utilizing a 15-mer random library from a different
vendor, we observed comparable outcomes (Figure S4).

These results demonstrated that FastAd generated highly diverse
genetic libraries with approximately 3 million unique viral clones
generated in a T25 flask. This efficiency was in striking contrast
with conventional Ad construction methods, which typically yield
less than 50 clones per pug of transfected DNA."
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Figure 7. Simple and rapid generation of complex Ad libraries by FastAd

(A) Generating random 17-mer (N17) donor DNA fragments for the FastAd library by one-step PCR amplification of a donor library containing 17-mer random oligonucle-
otides. (B) Gel electrophoresis to verify PCR amplification of N17 library donor DNA fragments. (C) N17 library donor DNA fragments were analyzed by NGS. Total raw reads,
mapped reads, and unique reads are shown. (D) Distribution of reads in categories of unique and multiple occurrences in the N17 library donor DNA fragments. (E) Sequence
logo position-based analysis of nucleotide frequency demonstrates an unbiased distribution in the N17 random nucleotides in donor DNA fragments. (F) Extracting N17
library from Ad library. (G) Gel electrophoresis to verify PCR ampilification of N17 library donor DNA fragments and N17 libraries from three independent Ad library prepa-
rations. (H) N17 libraries from Ad were analyzed by NGS. Total raw reads, mapped reads, and unique reads were shown. (l) Percentage of counts in total mapped sequences
from three categories in the N17 Ad library. (J) The sequence logo demonstrating the nucleotide ratio in each position of the N17 random nucleotides in Ad library.

Comprehensive capture of a genome-wide CRISPR-Cas9 gRNA donor population by two-step PCR (Figures 8A and S5). To speed
library by FastAd up the overall production, this donor population was transfected
The GeCKO v2 human genome-wide knockout guide RNA (gRNA)  into three T225 flasks of 293-Cre+Bxbl cells followed by infection
lentiviral library contains 119,418 unique gRNAs.”” To demonstrate ~ with RC-Ad receiver virus (RC-Ad6-empty-RSV-mGreenLantern)
another example using FastAd for constructing an Ad library, we  and only two passages of viruses in 293-FLP cells (Figure 8B). By
used this gRNA library as a template to generate a FastAd gRNA  this approach, a FastAd gRNA library was generated in only
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Figure 8. Application of Ad-gRNA library for functional evolution

(A) Schematic for the two-step PCR ampilification of the GeCKO v2 human genome-wide knockout gRNA library as FastAd donor DNA. (B) The expedited workflow for
transferring the whole gRNA library in Ads by FastAd. (C) gRNA representation in lentiviral plasmid DNA and Ad-gRNA library. Bars represent the number of unique gRNAs
with a specific read count. (D) Comparison of gRNA representation in the plasmid library and Ad-gRNA library. (E) Ad-gRNA library was subjected to 10 passages in A549-Citrl
cells or A549-SpCas9 cells followed by NGS analysis of the resulting lioraries. (F) Clonal distribution of gRNAs in the input Ad-gRNA library and in Ad-gRNA libraries after
10 passages of evolution. (G) Comparison of gRNA representation between Ad-gRNA selected in A549-Cirl cells and A549-SpCas9 cells. (H) Identification of enriched target
genes in Ad-gRNA library after 10 passages in A549-SpCas9 cells. Genes highlighted in red represent previously reported Ad restriction factors. Genes in purple represent

the top 4 enriched genes in the Ad-gRNA library evolution experiment. (I) PANTHER
change >1.5) in Ad-gRNA library after 10 passages in A549-SpCas9 cells.

9 days. NGS analysis of the PCR-amplified gRNAs from the original
lentiviral gRNA library and the newly generated Ad-gRNA library
demonstrated that the Ad-gRNA library captured 99.97% of the
original gRNAs from the GeCKO v2 gRNA lentiviral library
(Table S1). Furthermore, the distribution of unique gRNA counts
was nearly identical between the original lentiviral library and the
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GO-SLIM Gene Ontology (GO) for enriched target genes (p < 0.05 and gRNA count fold

Ad-gRNA library (Figure 8C) as demonstrated by a Spearman’s
rank correlation coefficient of 0.8529 between the gRNA library
from lentiviral vectors and the Ad-gRNA library (where r = 1 indi-
cates the highest positive correlation) (Figure 8D). Thus, a complex
gRNA library was rapidly transferred into adenoviral vectors by
FastAd.
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Functional selection of the FastAd gRNA library to identify novel
Ad-host interactions

Since the gRNA sequences were encoded by Ads within the
Ad-gRNA library, we expect that Ads carrying gRNAs targeting
antiviral host genes will likely increase in their clone counts in
SpCas9-expressing cells, as the suppressor function of host genes
is ablated for better virus propagation.”” This Ad-gRNA library
was passaged in human A549 control (A549-Ctrl) cells, as well as
in A549 cells expressing SpCas9, to identify host genes that might
inhibit Ad life cycle. Interestingly, gRNAs in the libraries, whether
from A549-Ctrl or A549-SpCas9 cells, exhibited right-skewed distri-
butions toward higher clone counts at the 10th passage (P10)
(Figure 8F). Although the data show that the distribution of the
Ad-gRNA library can drift over time during passaging even without
the expression of SpCas9, we indeed observed a low correlation
(Spearman’s r = 0.4647) between the two libraries (Figure 8G), sug-
gesting that expression of SpCas9 created a selective pressure on the
Ad-gRNA population.

Using the sample from A549-Ctrl cells as the control group and the
sample from A549-SpCas9 cells as the experimental group in
the Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout
(MAGeCK) analysis,” several host genes were identifled to be
enriched in the A549-SpCas9 group (Figure 8H; Table S2). Genes
previously identified as restriction factors for Ads, including
APOBEC3A,” BMI1,"* hnRNPA2B1,"” RADIS," and STATL"
were identified, suggesting that the library was properly sampling
the genome space. While gRNAs against these previously reported
Ad-interacting genes were found to be enriched, the top 4 targeted
genes, CCDC184, VPS54, ZNF500, and TDPI (with the lowest
p values and the highest fold changes in gRNA counts), were not
previously reported to be associated with Ad restriction (Figure 8H).

The top 565 gene target candidates that enriched in the A549-SpCas9
group were selected based on having a p value lower than 0.05 and a
gRNA count fold change greater than 1.5 (Table S2). These were
subjected to PANTHER GO-slim analysis for Gene Ontology
(GO) term enrichment.”””' Based on this analysis, enriched terms
included immune system process (GO:0002376) and biological
processes involved in interspecies interaction between organisms
(GO:0044419) (Figure 8I). Nine target gene candidates were identi-
fied in the biological processes involved in interspecies interaction
between organisms category (GO:0044419) (Table S3), including
IL36G, REG3G, RFPL4AL1, TRIM64B, and TRIM64C host genes,
which are not previously described to interact with Ads. This result
offers direct insights into unexplored Ad-host interactions for further
investigation. Overall, these results demonstrate rapid production
and application of an Ad-gRNA library by FastAd to uncover novel
virus-host interactions.

DISCUSSION
The bacterial homologous recombination method has long been
favored for constructing Ad vectors due to its reliability and ease of

13-15 . .
use. Consequently, most advancements in recombinant Ad tech-
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nology have been built upon this original protocol.” For example, key
improvements in adenoviral vector cloning include the use of a single
competent cell strain for both DNA recombination and plasmid pro-
duction,” the application of red recombinase to enhance recombina-
tion efficiency,'® the development of stable competent cells preloaded
wtih ready-to-recombine adenoviral vectors,” the introduction of
counter-selection markers for cloning shuttle plasmids or adenoviral
backbones,'“** and the adoption of modern one-step in vitro recom-
bination systems.”” To address the challenges of low virus rescue ef-
ficiency from bacteria-derived adenoviral DNA lacking TPs,”"** the
rescue step was also improved by several methods, such as ligation
of TPs to recombinant adenoviral DNA,”’ overexpression of TPs in
producer cells,** and using the CRISPR-Cas9 system for ITR terminal

resolution.”®

Despite these improvements in both adenoviral vector cloning and
rescue steps, the process still requires a minimum of 3 days for vector
cloning, followed by an additional 5-7 days for the initial vector
rescue in cells,”” and up to a month of Ad amplification to obtain
sufficient yields for in vivo animal experiments. Moreover, the low
rescue efficiency of adenoviral gDNA lacking TPs limits the output
to as few as 50 viral clones per 6 x 10° copies of recombinant adeno-
viral DNA, thereby restricting the construction of large viral genetic
libraries using current methods."”

To overcome these challenges, we developed FastAd, a system that in-
tegrates transfected DNA fragments into adenoviral genomes in cells
via programmed actions of site-specific DNA recombinases. In this
study, we prove that FastAd efficiently and rapidly integrates trans-
fected recombinant DNA fragments into designed receiver viruses,
induces transgene expression, and can be used to generate complex
genetic libraries at an efficiency of approximately one unique viral
clone per transfected cell.

Several features make FastAd intrinsically efficient. First, we utilized
Bxb1 recombinase and optimized attB/attP sites for the primary inte-
gration event of transgenes.”” Bxbl induces an irreversible, unidirec-
tional integration of provided donor DNA, leading to an accumula-
tion of integrated Ads over time in the population, while the Cre/
loxP system primarily mediates DNA fragment shuffling (Figure 3G).
Our results demonstrated that FastAd achieves a 100-fold increase in
efficiency compared with the Cre/loxP system when evaluating the
proportion of integrated viruses in the purified virus stock (Figure 4E).
Our data also revealed that approximately 5%-14% of Ads were inte-
grated by Cre/Bxbl (Figure 4D), whereas only 0.1%-0.5% of success-
ful integration events were reported using phage ¢C31 integrase.”'

Secondly, FastAd’s negative selection process ensures that the major-
ity of adenoviral genomes are packaged into virions only when donor
DNA is integrated precisely at designated sites within the Ad genome.
This mechanism effectively reduces the fraction of receiver Ads in
samples and minimizes the risk of off-target integration. Flanking
the Ad packaging signal ¥ with FRT or loxP sites is a widely adopted
mechanism to remove helper viruses for helper-dependent Ad
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production.®* By using the same mechanism, receiver Ad contamina-
tion decreases drastically with increasing passages in negative selec-
tion cells. Specifically, only two passages in negative selection cell lines
already increase the purity of donor-modified Ads to 99.92%, with
less than 0.08% of contaminating receiver virus left (Figure 6B).

Preparing donor DNA fragments for FastAd is also significantly
simpler than preparing shuttle plasmids in conventional methods,
as the modular design of donor DNA allows it to be prepared inde-
pendently of Ad backbone sequences. Since the DNA fragments for
FastAd only needs to be flanked by a 34 bp loxP site at the 5’ end
and a 74 bp attB site + loxP site at the 3’ end, the donor DNA produc-
tion can be streamlined by incorporating the recombinase recognition
sites during gene synthesis or adding them by PCR, enabling a “clon-
ing-free” adenoviral vector construction.

Most importantly, FastAd can achieve a rapid, large-scale Ad produc-
tion and condenses the current 1- to 2-month production timeline
down to 10 days or less. This new workflow not only expedites the
Ad production time but also comes with a decent titer and purity
of viruses, facilitating, for example, high-throughput screening for
testing a variety of genetic payloads (i.e., immune-stimulatory
payloads in oncolytic Ads).

However, the final virus stock indeed contains low level contamina-
tions of receiver Ads (Figure 6D), and we believe the contamination
levels of receiver Ads are likely to vary from batch to batch. Therefore,
users should always carefully evaluate the contamination rates, such
as using qPCR, before using the virus stock for any other experiments.
We also recommend users to validate results with plaque-purified
Ads after the pilot studies with FastAd-generated viruses to avoid
any confounding factors that may come from receiver Ads.

As 293 cell lines contains Ad5 left ITR and EI gene sequences,(’3 we
indeed observed low levels of Ad5 EI sequences when amplifying
our receiver virus stocks and when producing Ads by FastAd in
293-based cell lines (Figure 4I). Despite its low levels, this result sug-
gested that there is a potential risk that the FRT sites next to W and the
FastAd cassette inserted between EIA and E1B genes replaced by ho-
mologous recombination in 293 cells, generating rare Ad recombi-
nant populations that can escape counter-selection. To overcome
this potential risk in the FastAd system, we have developed A549-
based cell lines (Figure S2), which do not contain endogenous wild-
type Ad5 genome sequences. However, the 293-based cell lines may
still be favored over other cell lines when generating the Ad library
due to its high transfection efficiency to introduce complex
DNA donors.

Although not demonstrated in this study, FastAd receiver viruses can
also be El-delated first-generation RD-Ad vectors. As RD-Ads lack
E1 genes, they are more likely to be outgrown by the RC-Ad contam-
inants. A better approach to avoid RC-Ad generation is to rescue RD-
Ad-based viruses in other EI-complementary cell lines with no homol-
ogy sequence between the helper EI genes in-trans within cells and the

receiver Ad genomes.”*®> The A549-basd cell lines for FastAd in this
study potentially can be used for generating such cell lines.

In addition, FastAd’s initial integration step instantly generates a
small population of Ads carrying transgene within 3 days in Cre-
and Bxbl-expressing cells. These 3-day viruses exist as a mixture of
unmodified receiver virus and the desired transgene-integrated vec-
tor. Notably, up to 14% of this mixed Ad population carries the
desired modification (Figure 4D). In the applications that absolute
pure virus stock is required, plaque purification of this 3-day virus
mixture on non-293-based FLP-expressing cells can be a faster alter-
native to traditional methods for isolating a pure virus clone, espe-
cially when original virus stock is rescued in 293 cells.

For the construction of complex Ad libraries, we have demonstrated
that FastAd can capture over 3 million unique sequences in a T25
flask (Figure 7H) when using 293-based cell lines. To our knowledge,
this represents the most complex genetic library generated in Ads and
confirmed by NGS to date. The possible reasons for this high capacity
can be attributed to the highly efficient DNA fragment integration by
Cre/Bxbl and the presence of intact TPs within viral genomes.
Considering that there are roughly 3 million cells in a T25 flask, it im-
plies that, on average, each cell produces one unique viral clone. If one
unique clone per cell is indeed the maximum, it is theoretically
possible to increase library complexity by scaling up the cell culture.
For instance, producing libraries from 1 x 10° cells in a 10-layer
CellSTACK could potentially yield libraries with 1 x 10° unique
viral clones.

Notably, a previous study also utilized infectious receiver Ads and
transfected plasmid DNA for Ad library construction by the Cre/loxP
system. Their results demonstrated approximately 1 x 10* unique
clones from a single well of a 6-well plate.”’ With approximately 1
million cells per well in a 6-well plate, this translates into 0.01 unique
viral clone per cell. We speculate that the approximate 100-fold differ-
ence in library generation efficiency between the published Cre/loxP
system and the FastAd system is likely due to the robust unidirec-
tional integration activity of Bxbl recombinase, as this number is in
line with the 100-fold better performance of FastAd compared with
the Cre/loxP system in our qPCR results (Figures 3G and 4E).

Another group used a similar counter-selection mechanism like
FastAd, wherein the left arm of purified TP-containing Ad DNA
was used as receiver and the Cre/loxP system was used to knock in
a high diversity of cDNA libraries.” In this effort, an estimated 10°
clones were generated from 2 x 107 cells, which would equate to
0.05 unique viral clone per cell. However, because this study was con-
ducted before NGS was widely available, their library size estimation
is based on the number of plaques from each preparation, rather than
documenting unique sequences. Thus, it is challenging to directly
compare their library diversity directly with that achieved by FastAd.

For proof-of-concept of library utility, we transferred an existing
GeCKO v2 human genome-wide knockout gRNA library from
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lentiviral vectors into Ads using FastAd (Figures 8A-8D). We show
that this transfer was mediated without obvious biasing to the library
sequences. Given that traditional lentivirus-transduced genome-wide
knockout pools are often biased toward the identification of key host
factors crucial in the early stages of the virus life cycle,”’ this Ad-based
gRNA library emerges as a potent tool for uncovering novel viral sup-
pressors acting in later stages of the Ad life cycle, as knockout events
occur post virus entry. In this study, alongside several host factors that
have been reported to inhibit Ads, we identified yet unreported host
factors enriched in our library selection. Among those unreported
genes, ZNF500 has been documented to activate the p53-p21-E2F4
signaling axis,’® suggesting that knocking out the ZNF500 gene could
potentially suppress p53 and enhance cellular proliferation, thereby
promoting more robust Ad replication.”” TDP1 is involved in DNA
repair mechanisms in cells.”® While the role of TDPI in the Ad life
cycle has not yet been specifically reported, DNA repair mechanisms
such as the Mrel1-Rad50-NBS1 (MRN) complex have been shown to
inhibit Ad replication.”” gRNAs against VPS54 gene were also en-
riched. VPS54 is a subunit of the Golgi-associated retrograde protein
complex that is involved in intracellular vesicle transport.”” While a
direct relationship to the Ad is unclear, it is possible that VPS54 could
impact endosomal trafficking during the Ad life cycle. Finally, gRNAs
targeting CCDC184 gene were also highly enriched in the Ad gRNA
library. At present, it is unclear what the function of CCDC184 is
and how it might be related to Ad biology. These host genes might
be of interest for studying the interplay of Ads and host cell restriction
factors.

In this study, the smallest DNA donor we tested is about 60 bp
(N17 random nucleotides) into a 35.5 kbp RC-Ad6-empty-RSV-
mGreenLantern receiver virus, while the largest DNA donor we tested
is about 2 kbp (CMV-NP) for a 32-kbp SC-Ad6-empty receiver virus.
Since the integration step of FastAd uses both Cre and Bxb1, the prop-
erties of these two recombinases will directly influence the insertion
size of DNA fragments. For Bxb1, its insertion efficiency has been re-
ported to be independent of the insert length, with up to 33 kbp inser-
tion length.”' On the other hand, although the efficiency of Cre is
known to be negatively impacted by the increasing distance between
the two loxP recombination sites,”” in FastAd, the distance between
two loxP sites can be restricted by the length of the plasmid backbone
region, which is often less than 2 kbp.

In addition, the receiver Ad genome size is critical for determining if
the insert size will cause instability in integrated Ads. We expect to
generate a viable virus with stable genome if the DNA insertion does
not exceed its 105% of full length (~37.8 kbp). However, the
efficiency of packaging and viral growth will depend on the final to-
tal length of the Ad genome generated.”’* In addition, the context
of the DNA sequences would significantly affect the virus fitness or
cell viability. For example, insertion of a toxic transgene into
receiver Ads may reduce the target virus’s growth and increase
the chance for other opportunistic Ad contaminants to outcompete,
such as RC-Ads generated by homologous recombination from 293
cells.
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There are alternative designs that can achieve similar outcomes like
FastAd. The system could be simplified by using just one recombinase
for integration and another recombinase for negative selection. For
example, unidirectional loxP sites that were reported previously”®
could be used to delete the second negative selection FRT site
(counter-selection marker). The Gateway approach might also
be mimicked by using incompatible wild-type and GA-mutant
attB/attP sites to delete out the FRT site in producer cells utilizing
Bxb1 alone. However, either loxP mutants or wild-type attB/attP sites
of Bxbl may have lower integration efficiency, so we cannot predict if
these changes will improve or reduce the overall efficiency compared
with the current FastAd system.

For the integration step of FastAd, there is a chance that the plasmid
backbone can be integrated by Cre (Figure S6A), but this intermediate
species will be eliminated by FLP in negative selection. However, in
rare cases, Bxbl may integrate the entire plasmid, and subsequent
Cre activity may delete the left FRT site, producing an undesired in-
termediate that can escape negative selection (Figure S6B). Although
this population should be minimal, as shuttle plasmids are always
transfected first to reduce unprocessed plasmids in cells, negative se-
lection can be further improved by introducing Cre recombinase into
FLP-expressing cells to cleave the plasmid backbone flanked by two
loxP sites in Ads.

Other improvements could also be applied to the negative selection
strategy. Because the efficiency of tyrosine integrases, like Cre or
FLP, correlates with the length of DNA sequences between the recog-
nition sites, this constrains the FastAd cassette to be near the ¥ that
serves as the checkpoint for FastAd’s negative selection. It may be use-
ful to use a large serine recombinase that has no length restriction
to execute W excision, although a previous report showed that W
flanked by attB/attP sites of phage ¢pC31 integrase affects the pack-
aging efficiency of adenoviral DNA.”” Alternatively, other viral targets
such as polyadenylation signals, splice sites, or critical viral proteins
may also be harnessed for negative selection.

Recently, several novel serine recombinases have been identified,
which might be more efficient than Bxb1.”® It may be interesting to
see if replacing Bxb1 with other newly identified serine recombinases
or using an engineered Bxb1”’ can further improve the efficiency of
FastAd.

There are also some limitations of FastAd that are worth
mentioning. Firstly, the initial receiver Ad must be modified with
recombinase target sites, which means it is only applicable for
site-specific integration into the Ad backbone, similar to Gateway
cloning or Gibson assembly methods of Ads in vitro.”>*® Next,
the initial receiver Ad must be rescued by conventional methods
into infectious viruses that take about 2 months. However, this
one-time investment for making receiver Ads pays off by the ease
of generation of variant Ads and the ability to reproduce receiver
Ads from stocks. Third, low-level contaminations of receiver Ads
or RC-Ads from 293-based cell lines can be present in the resulting
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FastAd pool. Even though the contaminating Ads are genetically
defined receiver Ads lacking transgenes, it is important to verify
the percentage of contamination of Ads in the final pool by
qPCR. As discussed previously, A549-based cell lines can be used
to avoid recombination events of Ad5 DNA from 293 cells. If
absolute purity is required, viruses can be plaque purified in non-
293-based FLP-expressing cells after the initial 3-day rescue,
followed by the amplification of pure viral clones.

In conclusion, FastAd represents a significant advance in adenoviral
vector construction, offering enhanced efficiency, speed, and versa-
tility. It not only shortens virus production timelines to just 10 days
or less while maintaining high purity and titer but also facilitates
the generation of complex genetic libraries with unique sequences
at a million scale for genetic research and screening. Future directions
include expanding FastAd’s applications for generating cDNA li-
braries and screening diverse capsid libraries for vector targeting
and de-targeting of Ads and other viral vectors. We believe this tech-
nology will not only facilitate novel applications of viral vectors but
also accelerate research in fundamental virology.

MATERIALS AND METHODS

Construction of donor DNA plasmids and receiver Ads

We utilized the Bxbl recombinase GA-mutant variant sites for the
attB site and the attP site.”” For proof of concept, a donor plasmid
DNA was generated containing the cDNA of green fluorescent pro-
tein, mGreenLantern’® and an attB site flanked by two loxP sites
(pUC57-loxP-mGreenLantern-attB-loxP) (Table S4). Similar donor
plasmids were constructed with other transgenes including murine
TNFSF4 (mOX40L) and murine CD40LG (mCD40L).

A series of receiver Ad plasmid were generated to produce replica-
tion-competent Ad (RC-Ad), SC-Ad and CRAds with species C
human adenovirus serotype 6 (Ad6) backbone. For example,
RC-Ad6-FRT-W-E1A-CMV-loxP-FRT-attP-mTagBFP2-bGHpoly(A)-
E1B-AE3 was derived from the RC-Ad6-AE3 Ad vector.”” An FRT
site was introduced on the left side of its packaging signal (W) with
an FRT-Zeocin-FRT cassette via red recombination.'® This plasmid
was transformed into FLP-expressing competent cells (DH5/
pCP20) to excise the Zeocin selection marker.'® Next, RC-Ad6-
FRT-W-E1A-CMV-loxP-FRT-attP-mTagBFP2-bGHpoly(A)-E1B
receiver Ad plasmid (RC-Ad6-mTagBFP2) was created by red recom-
bination with a synthetic CMV-loxP-FRT-attP-mTagBFP2-bGH
poly(A)-ICeul-Zeo-ICeul DNA fragment (Table S5). The insertion
site of the cassette is between the nucleotides 1,573 and 1,574 bp of
Ad6 genome (GenBank: HQ413315.1).”° This Zeocin cassette was
eliminated from the Ad plasmid DNA via ICeul digestion and self-
ligation of the Ad plasmid.

Additional formats of receiver Ad vectors were generated
using similar methodologies: RC-Ad6-FRT-W-E1A-loxP-FRT-attP-
bGHpoly(A)-E1B-AE3-RSV-mGreenLantern (RC-Ad6-empty-RSV-
mGreenLantern), CRAd6-FRT-W-E1A-d1101/d1107-CMV-loxP-
FRT-attP-bGHpoly(A)-E1B-AE3 (CRAd6-CMV),"" and SC-Ad6-

FRT-W-E1A-loxP-FRT-attP-bGHpoly(A)-E1B-Allla-AE3 (SC-Ad6-
empty).*

Rescue of receiver Ads using plasmid DNA

Ad plasmid DNA was linearized by the restriction enzyme AsiSI
(New England Biolabs, Ipswich, MA) at 37°C for 4 h. Linearized
DNA (5 pg) was transfected into a T25 flask grown with 293 cells
at 95% confluency using Lipofectamine 3000 (Thermo Fisher Scien-
tific, Carlsbad, CA), following the manufacturer’s protocol. After an
initial viral rescue period of 2 weeks, cell lysates were generated by
three freeze-thaw cycles in a dry ice-ethanol bath and the crude
viruses were serially passaged in 293 cells for RC-Ad6-based back-
bones, in A549 cells for the CRAd6-based backbone, or in 293-IIla
cells for SC-Ad6-based backbones.

Purification of recombinant Ads via CsCl gradients

A large scale of receiver viruses was purified from approximately 10°
cells in 10-layer CellSTACK culture chambers (Corning, Corning,
NY). These cell pellets were resuspended in 7 mL of 20 mM
HEPES buffer (pH 7.40 and lysed with 2 mL of 5% sodium deoxycho-
late for 30 min at room temperature, followed by treatment with
150 pL of DNAse I (10 mg/mL) (Sigma-Aldrich, St. Louis, MO),
15 pL of PureLink RNAse A (10 mg/mL) (Thermo Fisher Scientific),
and 170 uL of 2 M MgCl, for an additional 30 min at 37°C. After
centrifugation at 3,000 x g for 15 min at 4°C, the crude supernatants
were subjected to two subsequent CsCl gradients ultracentrifugation
runs at 26,000 x g Next, the purified viruses were desalted with
PD-10 desalting columns (Cytiva, Marlborough, MA) in sucrose
buffer (0.5 M sucrose, 20 mM HEPES). The estimated concentration
of vp/mL was determined by measuring the OD,, using a NanoDrop
Microvolume Spectrophotometer (Thermo Fisher Scientific). ifu was
determined using Adeno-X Rapid Titer Kit (Takara Bio, Shiga, Japan)
following the manufacturer’s protocol.

Plasmids for generating stable cell lines

Plasmids required for stable transfection (pUC57-EFla-NLS-Cre-
IRES-BSD, pUCS57-EFla-HA-Bxb1-IRES-Neo, and pUCS57-EFla-
FLP-IRES-BSD) into A549 cells were synthesized by the Custom
Gene Synthesis Service (GenScript, Piscataway, NJ).

The plasmids pLV-EFla-IRES-Puro (Addgene, plasmid no. 85132)
and pLV-EFla-IRES-Blast (Addgene, plasmid no. 85133) were pro-
vided by Dr. Tobias Meyer’s lab. The plasmid pLV-EF1-FLP-PGK-
Neo was a gift from Dr. Javier Alcudia’s lab (Addgene, plasmid no.
108544). In addition, the plasmid pCAG-NLS-HA-Bxbl (Addgene,
plasmid no. 51271) was a gift from Dr. Pawel Pelczar’s lab, and len-
tiCas9-Blast (Addgene, plasmid no. 52962) was gifted from Dr.
Feng Zhang’s lab.

The NLS-HA-Bxbl fragment was PCR amplified and subsequently
inserted into the lentiviral plasmids pLV-EFla-IRES-Puro and
pLV-EF1a-IRES-Blast, resulting in the generation of the pLV-EF1a-
NLS-HA-Bxb1-IRES-Puro and pLV-EFla-NLS-HA-Bxbl-IRES-
Blast lentiviral plasmids, respectively. Furthermore, the plasmid
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pLV-EFla-plIla-IRES-Puro was created by PCR amplification of the
human Ad serotype 6 pllla gene, followed by its insertion into the
pLV-EF1a-IRES-Puro vector.

Production of lentiviruses

Lentiviruses were generated through co-transfection of 1 pg of
pMD.G, 1.5 ug pGGW, and 2.5 pg of the pLV-EF1a lentiviral vector
into 293 cells in T25 flasks using Lipofectamine 3000 reagent. After
16 h, the media containing the transfection reagents were replaced
with fresh Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific) containing 10% (v/v) fetal bovine serum (FBS)
and 1x penicillin-streptomycin (Thermo Fisher Scientific). Lenti-
virus-containing supernatants were harvested at the 48-h time point
post-transfection and syringe filtered through a PVDF membrane
with a pore size of 0.45 pm.

Cell lines

Human 293 cells were procured from Microbix (Toronto, Ontario,
Canada). Human A549 lung carcinoma was obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA).

The 293-Cre (116) cell line, a derivative of the 293 cell line expressing
Cre recombinase, was provided by Dr. Philip Ng.** The 293-Cre+Bxb1
cell line was generated by lentiviral transduction of 293-Cre cells with
LV-EF1a-NLS-HA-Bxb1-IRES-Puro. The 293-Cre+Bxbl-pllla cell
line was generated by transducing 293-Cre cells sequentially with the
LV-EF1a-NLS-HA-Bxb1-IRES-Blast and LV-EFla-plIla-IRES-Puro
lentiviruses. The 293-FLP cell line was created by lentiviral trans-
duction of 293 cells with LV-EF1-FLP-PGK-Neo lentivirus. The
293-FLP-pllIa cell line was derived by transducing the 293-FLP cell
line with the pLV-EFla-pllla-IRES-Puro lentivirus.

The A549-Cre+Bxbl cell line was generated through sequential
transfection of linearized pUC57-EF1a-NLS-Cre-IRES-BSD and
pUC57-EFla-HA-Bxb1-IRES-Neo plasmids. The A549-FLP cell
line was constructed by transfection of linearized pUC57-EFla-
FLP-IRES-BSD plasmid. A549 control (A549-Ctrl) cells were
transduced with the pLV-EFla-IRES-Blast construct. The A549-
SpCas9 cell line was established by lentiviral transduction with lenti-
Cas9-Blast.

All stable cell lines were selected using 1 pg/mL of puromycin,
10 pg/mL of blasticidin, or 400 pg/mL of G418, followed by single-
cell cloning using the limiting dilution method.

All cell lines were cultured in complete growth medium consisting
of DMEM supplemented with 10% (v/v) heat-inactivated FBS and
1x penicillin-streptomycin.

Evaluation of FastAd efficiency and transgene expression using
flow cytometry

The efficiency and dynamics of FastAd was assessed with two fluores-
cent proteins provided from the receiver Ads (RC-Ad6-mTagBFP2)
and from the mGreenLantern donor plasmid (pUC57-loxP-mGreen-

Molecular Therapy: Methods & Clinical Development

Lantern-attB-loxP). Cells were seeded in a T25 flask at 95% conflu-
ency and 5 pg of the mGreenLantern donor plasmid was transfected
into the cells using Lipofectamine 3000 as per the manufacturer’s in-
structions. After 16 h, the cells were infected with the receiver virus,
RC-Ad6-mTagBFP2, at a MOI of 1,000 vp/cell. Cells were harvested
at 48 h post-infection and fixed in 2% (w/v) paraformaldehyde in
phosphate-buffered saline (PBS). The fixed cells were analyzed for
their mGreenLantern and mTagBFP2 fluorescence by flow cytometry
using an LSR IT Flow Cytometer (BD Biosciences, Franklin Lakes, NJ).
To assess negative selection by FLP, viruses from infected 293-Cre-
Bxb1 cells were harvested at 72 h post-infection and subjected to three
freeze-thaw cycles. This cleared lysate was used to infect 293-FLP cells
and, after 48 h, these cells were analyzed as described.

Real-time qPCR

Total gDNA was extracted from cells using the QIAamp DNA Mini
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s in-
structions. Ad vDNA (vDNA) was isolated using the PureLink Viral
RNA/DNA Mini Kit (Thermo Fisher Scientific) from each purified
virus stock. SYBR Green PCR Master Mix (Applied Biosystems, Wal-
tham, MA) and TaqMan Universal PCR Master Mix (Applied
Biosystems) were used for qPCR experiments with a QuantStudio
3 Real-Time PCR System (Applied Biosystems). Total gDNA
(100 ng) or vDNA (4 ng) were used as input template for each
20 pL qPCR reaction. The cycling condition: initial denaturation of
templates with 95°C for 10 min, followed by 40 cycles of 95°C dena-
turation for 15 s and 60°C annealing and extension for 45 s AACt
method was used for relative quantification by using an Ad-hexon
gene as the reference gene. To differentiate transfected mGreenLan-
tern donor plasmids and mGreenLantern fragments amplified by
viral replication from crude gDNA, Dpnl restriction enzyme was
used to specifically digest methylated bacterial plasmid DNA while
sparing unmethylated, replicated adenoviral DNA. Dpnl (60 units)
were added to 3 pg of gDNA for 2 h at 37°C. A qPCR primer set
(Table S6) targeting the region containing two Dpnl sites within
the mGreenLantern cDNA was used for qPCR. To discern non-inte-
grated receiver Ads from integrated Ads, qPCR oligonucleotides
(Thermo Fisher Scientific) were synthesized to amplify the loxP-
FRT-attP region (Table S6), which is exclusively present in the orig-
inal receiver Ads. For characterizing the kinetics of Ad VDNA repli-
cation, A549 cells were infected at 1,000 vp/cell for 4, 24, 48, and
72 h with receiver Ad (RC-Ad6-mTagBFP2), Ads made by FastAd,
or by the traditional method (bacteria-derived DNA). Infected cells
were harvested and total gDNA were purified. gDNA (100 ng) was
used as input for each reaction in the SYBR Green qPCR assay target-
ing the Ad hexon region. The Ad5 EI recombinants in purified Ads
were detecting by qPCR using a TagMan probe that targeted Ad5
E1I gene (Table S6).

Sanger sequencing to evaluate integration efficiency

Sanger sequencing was performed using the CMV primer (Genewiz/
Azenta, South Plainfield, NJ) (Table S6), allowing for sequencing of
modified regions downstream of the CMV promoter on Ad genomes.
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The analysis of the percentage of original receiver Ads and integrated
Ads was conducted using BEAT.*®

Generation of individual transgene DNA donors or pooled library
donors by PCR

A 5'-loxP overhang and 3'-attB-loxP overhangs were generated by a
one-step PCR for mGreenLantern, a 15 random-mer (N15) library
from custom-oligo synthesis (Thermo Fisher Scientific), and 17
random-mer (N17) library from custom-oligo synthesis (Integrated
DNA Technologies IDT, Coralville, IA) using iProof High-Fidelity
DNA Polymerase (Bio-Rad, Hercules, CA) in GC buffer supple-
mented with 3% DMSO. To address primer dimer issues associated
with loxP on the oligos when using Platinum SuperFi PCR Master
Mix (Thermo Fisher Scientific), a two-step PCR method was imple-
mented. The PCR template, RD-Ad5-NP was a gift from Dr. Richard
Vile’s lab and GecKO v2 human gRNA library (Addgene pooled
library no. 1000000049) was a gift from Dr. Feng Zhang’s lab.*”
The primer sets are included in Table S6.

Detection of transgene expression by flow cytometry

The expression of mGreenLantern, mOX40L, and mCD40L from
CRAd6 was assessed in A549 cells at 48 h post-infection with
1,000 vp/cell. Following infection, cells were harvested and fixed using
a 2% paraformaldehyde PBS solution. For surface markers, cells
were directly stained with anti-mOX40L-PE (clone: RM134L)
and anti-mCD40L-APC (clone: MR1) antibodies (BioLegend, San
Diego, CA). The samples were analyzed by BD LSRII Flow Cytometer.

Detection of transgene expression by western blot

A549 cells infected with 1,000 vp/cell of SC-Ad6-NP were harvested
at 48 h post-infection. Following this, cells were lysed using RIPA
buffer (50 mM Tris-HCl, 150 mM NaCl, 1.0% [v/v] IGEPAL
CA-630, 0.5% [w/v] sodium deoxycholate, 1.0 mM EDTA, 0.1%
[w/v] SDS [pH 7.4]), and the protein concentration of collected cell
lysates were quantified using Pierce BCA Protein Assay Kits (Thermo
Fisher Scientific) following the manufacturer’s protocol. Western blot
analysis was performed using anti-Influenza NP antibody (Invitro-
gen, no. PA5-32242) (Thermo Fisher Scientific) and anti-B-actin-
HRP antibody (sc-47778) (Santa Cruz Biotechnology, Dallas, TX)
for probing.

Workflow for producing recombinant Ads using FastAd

For the 18-day production process, 293-Cre+Bxbl1 cells in a T25 flask
at 95% confluency were transfected with 5 pug of donor DNA plasmids
or PCR products. At 16 h post-transfection, cells were infected with
1,000 vp/cell of receiver Ads. After 3 days post-infection, cells were
harvested, and freeze-thawed cleared lysates were passaged onto
293-FLP cells. The culture was then amplified through a total of
five passages, with each passage incubated for 72 h. This process
was repeated to scale-up to a 10-layer CellSTACK culture chamber
(6,360 cmz). For SC-Ad6-based receiver Ads, 293-Cre+Bxbl-pllla
and 293-FLP-pllla were used. For CRAd6-based receiver in A549-
based cell lines, the process is identical except for an additional two
to three rounds of amplification required in A549-FLP cells.

For the expedited 9- or 10-day production, 293-Cre+Bxbl cells in
three T225 flasks at 95% confluency were transfected with 45 g of
donor DNA plasmids or PCR products per flask. At 8 h post-transfec-
tion, cells were subsequently infected with 1,000 vp/cell of receiver
CRAd6-CMV or RC-Ad6-empty-RSV-mGreenLantern. Then, after
48-72 h of incubation, 293-Cre+Bxb1 cells were harvested, freeze-
thawed three times. After centrifugation, the cleared supernatant
was then passaged onto 293-FLP cells for two rounds of negative se-
lection (P2) and amplified to a scale of a 10-layer CellSTACK culture
chamber. Purified CRAd6-mOX40L from P2 was passaged in
293-FLP for one (P3), two (P4), and three (P5) more passages to
compare the level of receiver Ad contamination.

Evolution of Ad-gRNA library in A549-SpCas9 cells

To select Ads carrying gRNA targeting host restriction factors, four
T225 flasks of A549 control cells (A549-Ctrl) or A549-SpCas9 cells
were infected with the Ad-gRNA library at a MOI of 50 vp/cell. After
96 h post-infection, cells were harvested and resuspended in 40 mL of
20 mM HEPES buffer (pH 7.4) and subjected to three freeze-thaw
cycles. Following centrifugation at 3,000 x g for 5 min, 1 mL of super-
natant was used to infect the next four T225 flasks. This process was
repeated up to passage 9, with subsequent infections of six T225
flasks. At passage 10, a 10-layer CellSTACK culture chamber was
infected to allow for CsCl gradient purification.

NGS and data analysis

Incorporated random 15-mer (N15) and 17-mer (N17) sequences, as
well as GecKO v2 human gRNA libraries, in the Ad backbones by
FastAd were PCR amplified using Platinum SuperFi PCR Master
Mix (Thermo Fisher Scientific). The primer sets specifically recognize
Ad backbones to ensure the fragments are integrated (Table S6).
Library preparation and DNA fragmentation were processed by
Genewiz/Azenta. The libraries were sequenced using the Illumina
NovaSeq 6000 platform (2 x 150 bp), yielding an estimated 28.5
million paired-end reads per library for the amplicons.

For analyzing NGS data obtained from random nucleotide barcoded
N15 and N17 libraries, custom Python scripts were developed for the
analysis (Table S7). In addition, for gRNA library selection analysis,
we utilized the MAGeCK method** (Table S8). GO-term enrichment
was conducted by PANTHER.**>*!

Data visualization and statistics

General graphing and statistical analyses were performed by
GraphPad Prism 10 (GraphPad Software, La Jolla, CA). Flow cytom-
etry data were analyzed and visualized using Flow]Jo version 10.10.0
(BD Biosciences). Sanger sequencing results were visualized by
SnapGene software (www.snapgene.com). Sequence Logo for DNA
nucleotide distributions within N15 and N17 randomers were gener-
ated by Python (Table S7).

DATA AND CODE AVAILABILITY
The raw data for NGS have been deposited in the Sequence Read Archive (SRA) of the
National Center for Biotechnology Information (NCBI) with the accession number
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(BioProject: PRINA1102000). Source codes for NGS data analysis has been included in
the supplemental data files.
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