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Viral vectors are gene transfer tools assembled from the backbones of naturally oc-
curring viruses. By definition, these vehicles that transfer nucleic acids are replication-
incompetent but deliver assigned payloads into eukaryotic cells by a process called trans-
duction. For decades, numerous viral vector systems that influence cells or tissues have
been used to perform basic and preclinical research. Over time, some virus-derived vectors
found their way into clinical practice.

When the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) began
to quickly spread at the turn of 2019/2020, ultimately leading to a pandemic spanning the
globe and paralyzing the world, vaccines had to be developed quickly. Besides the classical
methodologies for vaccine production such as inactivated viruses or preparations based
on viral proteins either harvested or produced in recombinant settings, two rather novel
techniques gained the upper hand. In less than twelve months, nucleic acid-based as well as
adenovirus-derived vector systems were approved as vaccines to combat COVID-19. Both
types of vaccines transmit a genetic blueprint into muscle tissue, enabling the organism to
build the spike protein of SARS-CoV-2 and prime the immune system against the disease.
Early on in 2021, both biotechnological achievements helped to control the spread of SARS-
CoV-2 and to reduce the severity of the disease, thereby reducing the burden on healthcare
systems. In addition, they allowed societies to return to a sense of normalcy.

On the other hand, the use of viral vectors as a vaccination tool during the COVID-19
crisis has taught us the lesson that there are still some issues to be solved to avoid unwanted
serious side effects and make this next-generation gene delivery technology, proven success-
ful in many approaches, clinically usable. The development of novel viral vectors that meet
the requirements of future patients warrants their individual optimization and adaptation
for different applications in gene therapy, cancer treatment, vaccine development, and cell
reprogramming [1]. Since its approval as the first gene therapy product, a plethora of strate-
gies using adenovectors emerged, including conditionally replicative oncolytic viruses [2],
less-immunogenic, genetically stable high-capacity adenovirus-derived vehicles, which
allow long-term episomal persistence of transgenes in non-dividing cells [3], or customized
adenovectors for targeted transduction in vivo. Viral vectors are now widely used and the
number of approved therapies is only expected to increase. To keep up with the increasing
demand, the challenges and strategies for faster patient access need to be addressed. The
editors believe that this Special Issue provides some optimistic answers.

In three articles on adenoviral vectors, we learn about the challenges in setting up
robust platforms for vector production. Researchers from Witten in Germany and Bordeaux
in France show that the construction and fabrication of a DNA-virus-based vector to
transfer genetic information from an RNA virus are not trivial. Scientists residing in
Montreal in Canada present improved methodologies to manufacture vectors that do
not contaminate replication-competent entities. A team from Cardiff, UK, presents data
on improving cell specificity and selectivity of adenoviral vector particles to ultimately
improve oncolytic viruses.

Two papers deal with adeno-associated-virus (AAV)-derived gene ferries. The group
led by Sarah Wootton from the University of Guelph, Canada, improved AAV by pseu-
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dotyping the particles with animal virus-derived capsid sequences. Victor Weiss and
colleagues in Vienna, Austria, provide a new technique using a sophisticated apparatus to
characterize AAVs.

A review by Wang and Shao from Tianjin, China, looks at innate immune responses
to viral vectors and on how to prevent these responses. A consortium from Greece and
Cyprus explains how the researchers optimized a lentiviral vector built to threat sickle
cell disease.

In two back-to-back articles, both authored by Randal N. Johnston from Calgery,
Canada, the researchers from Canada and Japan describe the properties of oncolytic re-
oviruses. These tools show anti-cancer activity in conjunction with chemotherapy. Further
activity is unveiled as these oncolytic viruses can also infect and destroy pluripotent
stem cells.

An illustrious panel of Central European senior scientists discusses the need for
disinfectants in the context of modified viruses and vectors.

To round up this Special Issue, Kenneth Lundstrom from Switzerland presents a
seminal review on the prospects of the current frontline vector systems. In his compre-
hensive article, the author covers most aspects of the vectors currently in use, including
oncolytic viruses.

As we look forward, it is essential to continue researching viral vectors including
cutting-edge technologies such as artificial intelligence for the production of targeted and
more efficient gene ferries, ensuring transparency in reporting adverse events, and making
data-driven decisions to balance risks and benefits. The incidents related to these vector-
derived vaccines should not deter us from recognizing the immense value of viral vectors
in medical applications. We believe that every author of this Special Issue would agree
with this statement.

Acknowledgments: We are grateful to all contributors and especially the reviewers who dedicated
valuable time and expertise to our Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: To contain the spread of the SARS-CoV-2 pandemic, rapid development of vaccines was
required in 2020. Rational design, international efforts, and a lot of hard work yielded the market
approval of novel SARS-CoV-2 vaccines based on diverse platforms such as mRNA or adenovirus
vectors. The great success of these technologies, in fact, contributed significantly to control the
pandemic. Consequently, most scientific literature available in the public domain discloses the results
of clinical trials and reveals data of efficaciousness. However, a description of processes and rationales
that led to specific vaccine design is only partially available, in particular for adenovirus vectors,
even though it could prove helpful for future developments. Here, we disclose our insights from
the endeavors to design compatible functional adenoviral vector platform expression cassettes for
the SARS-CoV-2 spike protein. We observed that contextualizing genes from an ssRNA virus into
a DNA virus provides significant challenges. Besides affecting physical titers, expression cassette
design of adenoviral vaccine candidates can affect viral propagation and spike protein expression.
Splicing of mRNAs was affected, and fusogenicity of the spike protein in ACE2-overexpressing cells
was enhanced when the ER retention signal was deleted.

Keywords: adenovirus; viral vector; vaccine; SARS-CoV-2; spike protein

1. Introduction

Since emerging in Wuhan, China, in late 2019, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused over 6.9 million confirmed deaths worldwide
(https://covid19.who.int/, accessed 28 August 2023) to August 2023 and severely affected
the world economy [1]. Once the World Health Organization (WHO) declared SARS-CoV-2
a pandemic in March 2020, researchers strove for the quick development of novel vaccines
and drugs to combat the spread of coronavirus disease 2019 (COVID-19). Because of these
urgent circumstances, vaccination platforms that allow rapid engineering and simultane-
ously deliver a robust immune response, such as the mRNA or adenoviral vaccination
platforms, asserted themselves against classical vaccination regimes such as live-attenuated
vaccines. Adenoviral and mRNA vaccination platforms allow immediate reaction to new
pathogens or strains by altering the sequence of the to-be-delivered nucleic acid. This
diversity in vaccine regimens was one major tool controlling the spreading of the pandemic.
In particular, adenoviral vaccines offer several advantages as an emergency outbreak vacci-
nation platform, such as high target cell transduction and gene transfer efficacy, as well as
triggering robust humoral and cellular immune responses and prolonged stability at room
temperature for storage [2]. The design of such adenoviral vectors for the expression of a
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specific transgene is not trivial, as the expression of particular transgenes may affect viral
propagation and may thus require a protein-dependent design of the expression cassette.
For efficient vaccine production, optimal vector design relies on the perfect balance between
transgene expression and vector functionality.

Here, we want to share our knowledge gained by generating a series of human aden-
ovirus type 5 (HAdV-C5) vector-based vaccine candidates. While a majority of adenoviral
vaccines that gained conditional market approval are based on tetracycline-controlled gene
expression systems [3,4], our vector design relies on constitutive protein expression in
transduced target cells. This way, effects of transgene expression, such as antigen-related
toxicity on human cells, can be observed, enabling early estimation of patient safety follow-
ing vaccination. SARS-CoV-2 is an ssRNA virus, and the spike protein is encoded by RNA.
Therefore, SARS-CoV-2 RNA is never confronted with the RNA-processing machinery
in the nucleus but is immediately translated in the cytoplasm. To clone the spike gene
into an adenoviral genome, a DNA sequence originating from the RNA sequence has to
be generated. Consequently, this DNA (of a sequence never meant for being localized
in a nucleus) needs to be transcribed and processed before leaving the nucleus. As such,
transferring the sequence of a genuine RNA gene to a DNA vector bears the risk of aber-
rant splicing and, as a consequence, defective transgene products. Therefore, obtaining a
substantial understanding regarding the contextualizing of genes from RNA viruses into a
DNA background is an essential basis for future developments of adenoviral vaccines.

With this study, we want to share our knowledge gained while generating our own set of
adenovirus type 5 vector-based vaccine candidates harboring a CMV (cytomegalovirus)promoter-
driven spike expression cassette located within the HAdV-C5 E1-region. We report that physical
titers, viral propagation and spike protein expression were affected based on different expression
cassette designs. While mRNA splicing of transcripts was seemingly not affected, fusogenicity
of ACE2 (angiotensin-converting enzyme)-overexpressing cells was enhanced, dependent on
the design of adenoviral vectors. We think that these insights into our struggles with vector
production will be useful for future vaccine development.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

HEK293 (ATCC®, Manassas, VA, USA, CRL-1573™) and A549 (ATCC®, Manassas, VA,
USA, CLL-185™) cells were cultured in MEM Eagle (PAN Biotech™, Aidenbach, Germany,
P04-08500) supplemented with 10% FCS (PAN Biotech™, Aidenbach, Germany, P40-37500)
and 1% penicillin–streptomycin (PAN Biotech™, Aidenbach, Germany, P06-07050). U2OS-
GFP-ACE2 cells were generated following transduction and selection with a lentivirus
encoding the SARS-CoV-2 receptor angiotensin-converting enzyme 2 (ACE2, addgene,
Watertown, MA, USA, #145839) and maintained under selection of 5 μg/mL puromycin
(Merck KGaA, Darmstadt, Germany, P7255-25MG). U2OS, as well as KM-12 (Cellosaurus,
CVCL_1331), Huh-7 (Cellosaurus, CVCL_0336) and SH-SY5Y (ATCC®, Manassas, VA, USA,
CRL-2266™) were maintained in DMEM (PAN Biotech™, Aidenbach, Germany, P04-03590)
supplemented with 10% FCS and 1% penicillin–streptomycin (PAN Biotech™, Aidenbach,
Germany, P06-07050). Cells were passaged twice per week with 0.05% trypsin–0.02% EDTA
(PAN Biotech™, Aidenbach, Germany, P10-0231SP).

2.2. Vector Construction

For this study, each E1/E3-deleted vector of human adenovirus type 5 (AY339865;
bp 1–440, bp 3522–28131, bp 30814–35934) was generated using the Counter-Selection BAC
Modification Kit (GeneBridges GmbH, Heidelberg, Germany, K002), which is based on
pRed/ET recombination. Briefly, using in vivo homologous recombination in Escherichia
coli (E. coli) DH10β, a counter-selection rpsL-neo cassette with flanking homology arms
was introduced in an E1-located expression cassette consisting of a CMV promoter and an
SV40 intron. The rpsL-neo cassette was either replaced by the Wuhan isolate (GenScript
Biotech Corporation, Piscataway Township, NJ, USA, NC_045512.2) or codon-optimized
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(pUC57-2019-nCOV-S, GenScript Biotech Corporation, Piscataway Township, NJ, USA)
DNA sequence of the full-length spike protein or only the S1 domain. Furthermore, the
SV40 intron, the N-terminally located signal peptide (SP) of the spike protein, or the
endoplasmic reticulum (ER) retention signal of the spike protein was deleted by placement
of the rpsL-neo cassette and subsequently replaced by a non-coding non-intronic sequence
in the case of the intron or by the IL-2 signal peptide in the case of the spike signal peptide
(for reference, see Section 3.1).

2.3. Adenovirus Vector Purification

Before transfection of cells, adenoviral vectors were liberated from bacterial bacmid
backbone by restriction digestion with SwaI (New England Biolabs GmbH, Ipswich, MA,
USA, R0604S). In short, 2.5 μg of DNA was incubated with 3 U SwaI in supplied buffer
at 25 ◦C overnight. HEK293 cells were seeded at a density of 1 × 105 cells/well in a
24-well plate and cultivated overnight. The next day, 500 ng DNA was premixed with a
150 mM NaCl solution to a volume of 25 μL, and 6 μL of a 7.5 mM linear polyethyleneimine
(PEI) (22 kDa) solution was mixed with a 150 mM NaCl solution to a volume of 25 μL. PEI
mixture was added to the DNA solution and incubated at room temperature (RT) for 10 min.
Subsequently, the complete PEI-DNA mixture was added to one well of the 24-well plate.
Cells were harvested once cytopathic effects became visible after roughly 12 to 14 days.
Lysates were used for cycles of reinfections and vector particles were finally purified using
CsCl density gradient centrifugation. Two purification steps using discontinuous CsCl
gradients (1.27 g/cm3 and 1.41 g/cm3) were performed, and vector bands were collected
after centrifugation at 4 ◦C and 13.200 rpm for 2 h. Preparations were desalted using PD10
columns (Cytiva, Marlborough, MA, USA, 17085101). For the determination of physical
titers, 20 μL of vector preparation was mixed with 0.1% SDS and 79 μL buffer and incubated
at 56 ◦C for 10 min. Extinction at 260 nm was measured using UV spectroscopy, and titers
were calculated utilizing the following formula:

vp/μL = E260 × 1.1 × 109 × DF (1)

where vp = virus particles, E260 = extinction at 260 nm, and DF = dilution factor

2.4. Polymerase Chain Reaction (PCR)

DNA fragments for homologous recombination were generated using Q5® high-
fidelity polymerase (New England Biolabs GmbH, Ipswich, MA, USA, M0491L) with
primers including 50 bp homology arms to the insertion site. Thus, 10 ng DNA template
were mixed with 0.04 U/μL polymerase, 0.2 mM dNTPs, 1 μM primers forward and
reverse (Table S1), as well as the appropriate buffer. The following program was used:
cycle 1—98 ◦C, 120 s; cycles 2–27—98 ◦C, 30 s, then 67 ◦C, 30 s, followed by 72 ◦C, 120 s;
cycle 28: 72 ◦C, 180 s. Colony PCR was performed to verify the replacement of rpsL-neo
cassette by target sequence. As such, picked colonies were cultured in 100 μL LB medium
supplemented with respective antibiotics and incubated at 37 ◦C for 3 h. Thereafter, 3 μL of
bacterial culture was added to a mixture of 1 μM forward and reverse primers (forward:
5′ GCTCGTTTAGTGAACCGTCAGA 3′, reverse: 5′ GAGGCCGAGTTTGTCAGAAAGC 3′),
0.2 mM dNTPs, 0.05 U/μL GoTaq® polymerase (Promega Corporation, Madison, WI,
USA, M3001) in appropriate buffer. PCR reaction was performed with the following
program: cycle 1—95 ◦C, 180 s; cycles 2–31—95 ◦C, 45 s, then 58 ◦C, 45 s, followed by
74 ◦C, 120 s; cycle 32—74 ◦C, 500 s. For the analysis of mRNA splicing of transcripts, a 3 μL
DNA sample was mixed with 0.2 mM dNTPs, 0.05 U/μL GoTaq® polymerase (Promega
Corporation, Madison, WI, USA, M3001), and 1 μM forward and reverse primers (Table S2)
in appropriate buffer. PCR cycles were: cycle 1—95 ◦C, 180 s; cycles 2–31—95 ◦C, 70 s, then
59 ◦C, 70 s, followed by 74 ◦C, 300 s; cycle 32—74 ◦C, 600 s.
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2.5. Sodium Dodecyl Polyacrylamide Gel Electrophoresis (SDS-PAGE)

For adjustment of titer from viral preparations, 5 × 109 viral particles (vp), as calculated
by physical titers, were diluted in Ad buffer (150 mM NaCl, 50 mM HEPES, pH 8.0) to
a final volume of 20 μL. SDS loading buffer (5 μL) was added, and samples were boiled
for 5 min at 95 ◦C. Samples were loaded onto an 8% polyacrylamide gel, which after
electrophoresis was stained using silver staining (see Section 2.6).

Spike protein expression by viral vectors was analyzed from either supernatant or cell
pellet. Thus, 100 μL of supernatant after infection of HEK293 or transduction of A549 or
U2OS cells was transferred to a reaction tube. Protein extraction from cells was performed
according to a modified protocol of the original by K. K. Wang [5]. Cells were washed
once with 1 mL DPBS (PAN Biotech™, Aidenbach, Germany, P04-36500), then treated
with 300 μL RIPA-SDS buffer with protease-inhibitor cocktail (Merck KGaA, Darmstadt,
Germany, 11836153001) and incubated at room temperature for 10 min. After addition of
100 μL 100% trichloroacetic acid (TCA), the supernatant was transferred to a reaction tube.
The pellet after centrifugation (RT, 5000× g, 5 min) was washed with 1 mL 2.5% TCA and
again centrifuged (RT, 5000× g, 5 min). Tris base (20 μL, 3 M) was added to the pellet after
centrifugation, and samples were then incubated at room temperature for 30 min. Finally,
samples were mixed with 20 μL ddH2O and 10 μL of 5× SDS sample buffer, then incubated
at 95 ◦C for 10 min. Samples were loaded onto an 8% polyacrylamide gel, and separated
proteins, after electrophoresis, were thereafter transferred to a nitrocellulose membrane
(see Section 2.9).

2.6. Silver Staining of Polyacrylamide Gel

Silver staining of polyacrylamide gels was performed according to H. Blum et al. [6].
Briefly, polyacrylamide gel after electrophoresis was transferred into a fixation solution

(50% (v/v) methanol, 12% (v/v) acetic acid, 13.6 mM formaldehyde) and incubated at room
temperature for 30 min. The gel was then rinsed with a washing buffer (50% ethanol) for
15 min and then treated with pretreatment buffer (0.8 mM sodium thiosulfate) for 1 min.
After washing thrice for 20 s with ddH2O, the gel was incubated in impregnation buffer
(0.2% (w/v) silver nitrate, 13.6 mM formaldehyde) for 20 min at room temperature. Gel
was subsequently developed in developer solution (6% (w/v) sodium carbonate, 16 μM
sodium thiosulfate, 13.6 mM formaldehyde) after washing twice with ddH2O for 20 s. The
reaction was stopped by treatment with stopping buffer (50% (v/v) methanol, 12% (v/v)
acetic acid) after washing with ddH2O twice for 2 min.

2.7. Infection of HEK293 Cells with Adenoviral Vectors

For real-time quantitative PCR (RT-qPCR) analysis, 3 × 104 HEK293 cells/well were
seeded in a 96-well plate and cultured overnight. The next day, cells were infected with
spike protein expressing HAdV-C5 vectors with a multiplicity of infection (MOI) of 200
according to adjusted titers and incubated for 48 h at 37 ◦C, 5% CO2. For the analysis of
mRNA splicing, 2 × 106 HEK293 were seeded in 6 cm cell culture dishes and cultured
overnight. The following day, cells were infected with an MOI of 300 and incubated at
37 ◦C and 5% CO2 for 48 h.

2.8. Transduction of A549 or U2OS Cells with Adenoviral Vectors

For the analysis of mRNA splicing, 2 × 106 A549 cells were seeded in 6 cm cell culture
dishes a day prior to transduction. Cells were then transduced with an MOI of 300 and
incubated at 37 ◦C and 5% CO2 for 48 h.

For Western blot analysis of spike protein expression, 2 × 105 U2OS cells/well were
seeded in a 24-well plate and cultured overnight. Cells were transduced with spike protein
encoding viral vectors using an MOI of 300 according to adjusted titers and incubated for
48 h at 37 ◦C, 5% CO2. Furthermore, to enhance understanding of spike protein expression,
2 × 105 A549 cells/well in a 24-well plate were transduced with adenoviral vectors with an
MOI of 1000 according to adjusted titers and incubated for 48 h at 37 ◦C, 5% CO2.
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2.9. Fast Protein Liquid Chromatography (FPLC) for Spike Protein Purification

In order to purify glycosylated S1 protein from media after secretion, at least 10 × 15 cm
cell culture dishes of A549 cells were transduced with appropriate vector using an MOI of
3000. The next day, cells were washed thrice with 15 mL of warm medium and DPBS. Cells
were then treated with 25 mL EX-CELL® (Merck KGaA, Darmstadt, Germany, 14571C-
1000ML) medium and incubated at 37 ◦C, 5% CO2 for an additional 48 h until the medium
was harvested. The supernatant was mixed with cOmplete™ protease-inhibitor cocktail
(Merck KGaA, Darmstadt, Germany, 11697498001), then centrifuged for 8 min at 300× g.
The supernatant was transferred into centrifuge tubes, and 5 μL [0.015 U/μL] of an avidin
solution (IBA Lifesciences GmbH, Göttingen, Germany, 2-0204-050) was added. After
incubation at room temperature for 20 min, tubes were centrifuged at 18.000× g and 4 ◦C
for 30 min.

For protein purification, an NGC Quest 10 chromatography system (Bio-Rad Labo-
ratories GmbH, Hercules, CA, USA, #7880001) was used. Subsequently, the supernatant
was loaded onto a StrepTactin™ column (Cytiva, Marlborough, MA, USA, 29048653). Pu-
rification of S1 protein from the column was performed according to the manufacturer’s
instructions. Product fractions after purification were concentrated to a total volume
of 100 μL using Amicon® ultra centrifugal units (Merck KGaA, Darmstadt, Germany,
UFC503096) according to the product’s manual.

2.10. Western Blot

After subjecting protein samples to SDS-PAGE, proteins were transferred to a nitrocel-
lulose membrane (Cytiva, Marlborough, MA, USA, 10600003). Membranes were blocked
with 5% bovine serum albumin in TBS-T (Tris-buffered saline, 100 mM Tris and 150 mM
NaCl, with 0.05% Tween-20) overnight at 4 ◦C. For this study, either the rabbit-α-spike anti-
body (Sino Biological, Beijing, China, 40592-T62; 1:1000 in 5% BSA/TBS-T) or human serum
after vaccination (1:20 in 5% BSA/TBS-T) was used as primary antibody. Membranes were
incubated with primary antibody for 1 h at room temperature, then washed five times for at
least 5 min with TBS-T. Secondary antibodies used were either goat-α-rabbit-IRDye800CW
antibody (LI-COR Biosciences, Lincoln, NE, USA, 926-32211; 1:15.000 in 5% BSA/TBS-T) or
goat-α-human-IRDye680RD antibody (LI-COR Biosciences, Lincoln, NE, USA, 926-68078;
1:15.000 in 5% BSA/TBS-T). Membranes were incubated with the appropriate secondary
antibody for 45 min at room temperature. After subsequent washing steps with TBS-T,
membranes were documented with the LI-COR Odyssey® CLx imaging system.

2.11. Isolation of Viral DNA for Quantitative PCR Analysis

Viral DNA from supernatant 48 h after infection of HEK293 cells was used for an-
alyzing viral particle production using qPCR. Thus, the 96-well plate was subjected to
three cycles of freezing and thawing to liberate viral particles from still-adherent cells.
Supernatant after centrifugation (RT, 300× g, 5 min) was transferred to 1.5 mL reaction
tube. Viral DNA was then isolated using a Quick-DNA Miniprep Plus Kit (Zymo Research
Europe GmbH, Freiburg, Germany, D4069) following the instructions of the manual, and
sample concentration was determined by UV spectroscopy. For qPCR, DNA samples were
diluted to a concentration of 7 ng/μL and stored at 4 ◦C until measurement.

2.12. Isolation of Total RNA and cDNA Synthesis

Total RNA was isolated using TRIzol™ (Thermo Fisher Scientific, Waltham, MA, USA,
15596026) following the instructions of the provided manual. Cells seeded in 6 cm cell
culture dishes were harvested in 1 mL TRIzol™. RNA samples were stored at −80 ◦C or
immediately reverse-transcribed into cDNA using the PrimeScript™ first strand cDNA syn-
thesis kit (Takara Bio Inc., Kusatsu, Japan, 6110A) following the manufacturer’s instruction
manual. Prior to cDNA synthesis, 10 μg RNA was digested with 10 U DNAse I (Thermo
Fisher Scientific, Waltham, MA, USA, EN0521) in MgCl2 buffer for 3 h at 37 ◦C. cDNA was
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diluted with 60 μL ddH2O for the analysis of mRNA splicing by PCR and stored at −20 ◦C
until further use.

2.13. Quantitative PCR Analysis

Viral production was quantified by qPCR analysis. As such, 1.5 μL of isolated viral
DNA was added to 10 μL TB Green Advantage Premix (Takara Bio Inc., Kusatsu, Japan,
639676), 0.2 μM of appropriate forward and reverse primer (E4 forward:
5′ TAGACGATCCCTACTGTACG 3′, E4 reverse: 5′ GGAAATATGACTACG TCCGG 3′,
PLAT forward: 5′ AGGGCTGGAGAGAAAACCTC 3′, PLAT reverse: 5′ TTCCTTCACTG-
GCTCAGCTT 3′) and adjusted with ddH2O to a final volume of 20 μL. The following
program was used for template amplification: cycle 1—95 ◦C, 1 min; cycles 2–46—95 ◦C,
10 s followed by 60 ◦C, 25 s. The E4 copy number of each sample determined by qPCR was
normalized to PLAT (plasminogen activator, tissue type) concentration.

2.14. Bright-Field Microscopic Imaging

Prior to microscopic imaging, 3 × 104 ACE2-overexpressing U2OS cells were trans-
duced with spike-expressing HAdV-C5 vectors with an MOI of 200 for 72 h. When an-
alyzing the effect of angiotensin II (AngII) on syncytia formation, ACE2-overexpressing
U2OS cells (3 × 104/well) were transduced with an MOI of 30–600 in the presence or
absence of angiotensin II (2000 ng/well) for 72 h. Every 24 h, the medium was refreshed
to consistently provide cells with AngII. Finally, 96-well plates were imaged using a Leica
DMi8 S microscope.

2.15. Statistical Analysis

For statistical data analysis, the software RStudio was used. Normality was tested via
the Shapiro–Wilk test and homogeneity of variance was investigated using Levene’s test.
In the case of unequal variances, a Welch ANOVA was performed, and Dunnett’s T3 test
was used as the post hoc test.

3. Results

3.1. Vector Design

For this study, an extensive panel of E1/E3-deleted type 5 adenoviral vectors with
differences regarding their E1-located expression cassette was generated (Figure 1).

For a better overview, vectors were grouped based on functionality or properties. Most
groups consist of vector variants expressing either the full-length spike protein (Sfull) or only
the S1 domain, enabling differences in immune response. At first, the DNA sequence of the
SARS-CoV-2 spike protein from the Wuhan isolate (NCBI reference sequence NC_045512.2)
was inserted into an expression cassette consisting of a cytomegalovirus (CMV) promoter,
simian virus (SV) 40 intron and polyadenylation signal (PolyA). In general, inserting introns
upstream of a transgene coding sequence has been shown to enhance the expression of
the transgene. The SV40 intron (see Table S3) has proven to enhance transgene expression
level and transfection efficacy efficiently compared to other introns, such as the hCMV
intron A [7]. As such, we decided to use this intron to enhance spike protein expression for
our vaccine candidates. Subsequently, for the second group, the wild-type spike protein
sequence was replaced with an human-expression system codon-optimized sequence
harboring either the SV40 intron (Sfull and S1) or a non-coding non-intronic sequence
(ΔSV40-Sfull and ΔSV40-S1). Moreover, a third vector group was designed to purify codon-
optimized S1 protein using affinity chromatography. A StrepII tag was introduced, either
N- or C-terminally (N-Strep-S1 and C-Strep-S1, ΔSV40-S1-C-Strep—codon-optimized).
Furthermore, to study the effects of different domains of the spike protein on vector
production and protein secretion, a fourth group of vectors was generated, where the
N-terminal signal peptide of the spike protein was either deleted (ΔSP-Sfull and ΔSP-S1)
or exchanged with the interleukin (IL)-2 signal peptide (IL-2-Sfull and IL-2-S1). One of the
goals was to use the adenovirus vectors as expression platforms in cell culture to obtain
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significant amounts of correctly glycosylated spike protein. Previous studies showed that
adenoviral vectors can be suitable for this purpose [8]. We used the IL-2 signal peptide,
as in our experience with different proteins, it turned out that for efficient secretion of the
target protein, the nature of the secretion signal peptide plays an important role, and in our
hands, the IL-2 signal peptide has worked best so far (unpublished results). Additionally,
the endoplasmic reticulum (ER) retention signal was deleted (ΔER). Lastly, a final group of
viral vectors was generated in which the spike protein coding sequence was exchanged
for codon-optimized sequences encoding the β- or γ-strain variants of the spike protein
(ΔSV40-Sβ and ΔSV40-Sγ).

Figure 1. Design of expression cassette for all generated adenoviral vectors. (A) Schematic repre-
sentation of human adenovirus type 5 genome used for this study. ITR: inverted terminal repeats,
Ψ: packaging signal, EC: expression cassette, E1–E4: early genes 1–4, MLP: major late promoter,
L1–L5: late genes 1–5. (B) All E1/E3-deleted type 5 adenoviral vectors were generated using ho-
mologous recombination in a bacmid context. WT: Wuhan-isolate spike protein, Sfull: full-length
spike, S1: S1 domain, N-Strep: N-terminal StrepII-Tag, C-Strep: C-terminal StrepII-Tag, ΔSV40: re-
placement of SV40 intron with non-intronic non-coding sequence, NINC: non-intronic non-coding
sequence, IL-2: IL-2 signaling sequence, SP: N-terminal spike protein signal peptide, ΔSP: deletion of
N-terminal spike protein signal peptide, ER: endoplasmic reticulum retention signal, ΔER: deletion
of ER retention signal, Sβ: β-variant of spike protein, Sγ: γ-variant of spike protein.
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3.2. Physical Characterization of Adenoviral Vectors

To generate viral particles, E1-transcomplementing HEK293 cells were transfected
with the linearized HAdV-C5 genome using PEI. While most vectors could be purified
to moderate titers, some constructs were impaired in their ability to produce infectious
viral particles (Figure 2). Noteworthily, viral particle production was either not possible
(Sfull, S1, ΔSP-S1) or severely hampered (IL-2-S1, ΔSP-Sfull, ΔSP-S1) for most SV40 intron-
containing constructs. Viral particle production was also hampered for constructs with
deleted ER retention signal (ΔER). Due to low particle production, purification for these
vectors was prematurely stopped after the first CsCl gradient and physical titers could
not be determined (Figure 2B). For the remaining viral preparations, titers were adjusted
by identifying hexon band intensity after separation of viral proteins by SDS-PAGE and
subsequent silver staining (Figure 2C). With the exception of C-Strep-S1, no substantial
differences in purity of viral preparations could be observed compared to AdEmpty (E1/E3-
deleted vector with no transgene in expression cassette). As such, viral propagation seems
to be affected by design of the ΔE1-located expression cassette.

 
Figure 2. Characterization of adenoviral vectors. (A) Tabular listing of spike protein encoding vector
constructs generating infectious viral particles. �: vector growth, X: vector growth not observed.
(B) Physical titers of adenoviral preparations as determined after calculation using excitations at 260 nm
by UV spectroscopic measurement. -: physical titers could not be measured. (C) Polyacrylamide gel was
loaded with 5 × 109 viral particles of preparations, proteins were stained using silver staining, and titers
were adjusted by normalization to AdEmpty after determination of hexon band intensities.

3.3. Quantification of Viral Particle Production

Since several vectors seemed to be affected in their ability to produce infectious viral
particles due to the design of their expression cassette (Figure 2), we further characterized
infectious particle production by qPCR (Figure 3). As such, HEK293 cells were infected
with an equal MOI of 200. Subsequently, viral DNA was isolated 48 h after infection and
used for quantitative analysis. Infectivity was compared to IL-2-Sfull because this vector
showed growth behavior typical for Ad5 viral vectors (see Figure 2).
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Figure 3. Characterization of infectious viral particle production. Quantification of infectious viral
particle production of spike protein-encoding vectors by RT-qPCR after isolation of viral DNA
from supernatant of HEK293 cells 48 h after infection. E4 copy number (CN) of each sample was
normalized to PLAT gene in ng. Significance values were determined by Dunnett’s T3 test (n = 5;
ns: p > 0.05, *: p < 0.05, **: p < 0.01).

Compared to IL-2-Sfull (416,800.2 ± 73,857.4), almost all vectors showed significant
decreases in viral propagation based on detected isolated viral genomes (Figure 3). Al-
though moderate titers were measured for both ΔSV40-Sfull and ΔSV40-S1, the number of
produced viral particles was decreased in comparison to the IL-2-Sfull vector (ΔSV40-Sfull:
95,684.9 ± 16,736.2, p = 0.013, 4.35-fold decrease; ΔSV40-S1: 130,020.3 ± 25,406.0, p = 0.012,
3.21-fold decrease), indicating that viral propagation of these vectors was affected. N-Strep-
S1 (30,299.7 ± 5574.5, p = 0.006, 13.76-fold decrease) as well as IL-2-S1 (28,864.1 ± 6901.5,
p = 0.006, 14.44-fold decrease) appear to be especially hampered in their ability to produce
infectious particles when compared to IL-2-Sfull. While not as pronounced as that with N-
Strep-S1 and IL-2-S1, viral particle production for ΔSP-Sfull (116,899.6 ± 13,954.9, p = 0.002,
3.57-fold decrease) and ΔER vectors (207,206.3 ± 19871.0, p = 0.002, 2.01-fold decrease) was
reduced as well.

3.4. Protein Expression by Spike Protein-Producing Vectors

For efficient use as a vaccine, transgene expression efficiency must be ensured and
verified. Spike protein expression by the panel of HAdV-C5 vectors (wild type, codon-
optimized vectors, vectors for protein purification and vectors modified for secretion
profile) was determined by Western blot analysis (Figure 4). Purified S1 protein was also
loaded onto the polyacrylamide gel as a positive control, whereas AdEmpty and uninfected
cells served as a negative control. For a majority of constructs, such as C-Strep-S1, ΔSV40-S1,
IL-2-S1, ΔSP-Sfull and ΔSV40-S1-C-Strep, S1 expression at the expected molecular weight
could be observed (Sfull (glycosylated) ~180–200 kDa, S1 (glycosylated) ~120 kDa). Contrary
to expectations, however, expression of the Wuhan-isolate spike protein (WT-Sfull and WT-
S1) could not be detected in either cell lysates or supernatants of transduced U2OS cells
(Figure 4A,B) and A549 cells (Figure 4C,D).

Repeated experiments with different MOIs and different primary antibodies yielded no
detection of wild-type spike protein expression. Additionally, protein expression could not be
observed in cell lysates or supernatants of U2OS cells transduced with N-terminally StrepII-
tagged codon-optimized S1 expressing vector (N-Strep-S1), as well as the IL-2-Sfull vector.
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Figure 4. Spike protein expression after transduction with panel of spike protein encoding vectors.
(A) Spike protein expression in cell lysates of U2OS cells after 48 h of transduction using rabbit
polyclonal anti-S1 antibody. UI: uninfected cells. (B) Spike protein expression in supernatants of
U2OS cells after 48 h of transduction using rabbit polyclonal anti-S1 antibody. Detection of spike
protein expression in cell pellet (C) or in supernatants (D) of A549 cells after 48 h of transduction
with a selection of vectors by incubation with human serum after boosting with mRNA vaccine.

While spike protein could not be detected in cell lysates of U2OS cells transduced
with ΔSV40-Sfull and ΔER vectors, protein expression could be discerned from supernatant.
Syncytia formation was prominent in ACE2-overexpressing U2OS cells after transduction
with ΔSV40-Sfull and ΔER vectors, resulting in spike protein ending up in supernatant
due to cell death. Furthermore, by incubation of membranes with human serum after
boost vaccination, spike protein-specific bands could be detected in supernatants and
cell lysates of transduced A549 cells for ΔSV40-Sfull and ΔSV40-S1, as well as weakly for
N-Strep-S1, C-Strep-S1 and ΔSV40-S1-C-Strep vectors (Figure 4C,D). Unexpectedly, the
StrepII-tagged vectors showed lower protein expression compared to the ΔSV40-S1 vector,
although C-Strep-S1 and ΔSV40-S1-C-Strep vectors were successfully used for purification
of codon-optimized S1 protein by fast protein liquid chromatography (see Section 3.6).

3.5. Analysis of mRNA Splicing of Vector Transcript

Since we could not detect wild-type spike protein with our Western blot analysis and
as we incorporated an RNA virus gene into a DNA background, we aimed to confirm
the presence of expected mRNA transcripts expressed by different vectors using PCR.
Analysis was performed by strategically positioning primers (Table S2) to amplify cDNA
template after reverse transcription from isolated mRNA (Figure 5). As such, reactions were
performed with forward primers being either located in the 5′ untranslated region (5′UTR)
for SV40-containing vectors (#1), in the non-intronic non-coding sequence for ΔSV40-Sfull
and ΔSV40-S1 (#2) or in the S1 (#3, #4 for WT; #6, #7 for codon-optimized S protein) or
S2 (#5 for WT; #8 for codon-optimized S protein) domain and a universal reverse primer
located in the 3′UTR (#9).
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Figure 5. Analysis of mRNA splicing by PCR. (A) Schematic representation of primer placement for
amplification of in cDNA-transcribed mRNA. (B) HEK293 cells were infected with a panel of viral
vectors for 48 h and total RNA was isolated. RNA was reverse-transcribed into cDNA and then PCR
was performed with appropriate primers (Table S2). PCR products were subsequently separated by
agarose gel. Red boxes indicate bands excised for Sanger sequencing (see Figure S2).
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Contrary to our expectations, the splicing of mRNA transcripts in A549 cells (Figure S1)
appears to be unaffected, as PCR products in all primer combinations showed the correct
length. Furthermore, no additional bands for any of the tested vectors were detected in all
primer combinations. Unexpectedly, WT plasmid, which served as control, generated a
PCR product with the forward primer located in the non-coding linker region while not
being amplified with the 5′UTR primer (Figure S1). As for HEK293 cells, mRNA splicing
seems to be affected mostly for SV40 intron-containing constructs (Figure 5). For primer
combination #1/#9 (forward: 5′UTR, reverse: 3′UTR), multiple bands with lesser intensity
were detected for WT-S1, WT-Sfull and C-Strep-S1 vector. Also, contrary to expectations, no
bands could be detected for N-Strep-S1 (Figure 5) in most primer combinations. Sequencing
of these additional bands observed for C-Strep-S1 and WT-S1 (Figure S2) suggests the
removal of SV40 intron in addition to IL-2 signal peptide and the majority of the S1 protein.

3.6. Purification of S1 Using Fast Protein Liquid Chromatography

For the expression of proteins that are posttranslationally modified in mammalian cells,
a mammalian expression system is preferred. Purifying S1 from lung cells would ensure
correct folding and glycosylation of the protein, which is why we aimed to accomplish
the production of S1 in A549 cells. For this purpose, a panel of vectors was generated,
in which codon-optimized S1 protein was fused to the StrepII-affinity tag (Figure 6A).
Media of transduced cells with either C-Strep-S1 or ΔSV40-S1-C-Strep vector were collected.
Prior interception of biotinylated proteins by the addition of avidin, cell debris and other
impurities were removed by two centrifugation steps. Subsequently, StrepTactin™ columns
(Cytiva, Marlborough, MA, USA, 29048653) were used for the purification of S1 protein
via FPLC.

Figure 6. Purification of S1 from A549 cell culture media. (A) Vector constructs used for purification
of S1 from A549. (B) Chromatogram of S1 purification from A549 cell culture media after 48 h of
incubation using affinity chromatography (StrepII-StrepTactin™ system). (C) Polyacrylamide gel
was loaded with 250 ng of purified S1 protein and stained utilizing silver staining. S1 protein band is
annotated with an arrow.

A total of 90 μg of S1 protein could be purified from media of 10 × 15 cm A549
cell culture dishes transduced with ΔSV40-S1-C-Strep (Figure 6B,C). Migration of the S1
protein differs from the calculated molecular weight of around 78.5 kDa, which suggests
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glycosylation of protein in A549 cells (Figure 6C). The functionality of purified S1 could be
demonstrated on enzyme-linked immunosorbent assay (unpublished data).

3.7. Fusogenicity in ACE2-Overexpressing Cell Lines

In order to enter host cells, SARS-CoV-2 virus employs membrane fusion after attachment
of spike protein to the foreign angiotensin-converting enzyme-2 (ACE2) receptor [9,10]. The
spike protein plays a pivotal role in membrane fusion, acting as a fusogen and promoting
membrane approximation by inserting its fusion protein after cleavage into S1 and S2
domains into the host cell membrane. To determine, whether spike protein expressed by
vaccine vectors promotes cell fusion, ACE2-overexpressing U2OS cells were transduced
with HAdV-C5 vectors for 72 h and subsequently imaged by bright-field microscopic
imaging (Figure 7A). Compared to the control (AdEmpty) and Wuhan-isolate spike protein-
expressing vector (WT-Sfull), the vector with deleted ER retention signal (ΔER) showed
enhanced syncytia formation. While this effect could also be observed for SV40-Sfull vector,
it appeared less pronounced. This effect of enhanced syncytia formation by the ΔER vector
could also be witnessed for a panel of different cell lines, such as Huh-7, KM-12 and
SH-SY5Y (Figure 7B).

ACE2 plays an essential role in the renin–angiotensin–aldosterone system (RAAS) by
cleaving angiotensin II (AngII) into the heptapeptide angiotensin-(1–7) (Ang1–7). As such,
it balances out AngII effects, which include vasoconstriction, blood volume regulation
and inflammation [11]. To prove the involvement of ACE2 in the syncytia formation,
ACE2-overexpressing U2OS cells were transduced with the ΔER in either the presence or
absence of the natural ACE2 ligand AngII. Media were refreshed every 24 h to provide
AngII continuously. Compared to the non-treated control, decreased syncytia formation of
AngII-treated cells was observed (Figure 7C). This observation appears especially noticeable
for U2OS cells transduced with higher MOIs (50–200) of the ΔER vector.

 

Figure 7. Cont.
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Figure 7. Microscopic Analysis of syncytia formation in ACE2-expressing cell lines. (A) ACE2-
overexpressing U2OS cells were transduced with the aforementioned vectors with an MOI of 200.
Syncytia formation was more pronounced when cells were transduced with the ΔER vector. (B) The
ΔER vector is capable of inducing syncytia formation in a panel of different cell lines. (C) U2OS
cells were pretreated with or without AngII, then transduced with ΔER with an MOI of 10–200.
Syncytia formation is ACE2-dependent, as treatment with AngII decreases syncytia formation in
ACE2-overexpressing U2OS cells. Magnification 50×.

4. Discussion

With the conditional market approval for the emergency use of several adenoviral
vector vaccines (e.g., Vaxzevria, Jcovden) during the COVID-19 pandemic, worldwide
awareness of viral vector therapeutics rose. Adenoviral vectors proved themselves as a
reliable platform for emergency outbreak diseases, being able to be quickly modified as
well as manufactured at high rates while eliciting robust immune responses. While protein
subunit vaccines and inactivated viral vaccines potentially require adjuvants for efficient
stimulation of immune response, immunogenicity of adenoviral vectors achieves sufficient
activation of the immune system on its own [2,12,13]. Furthermore, while mRNA vaccines
do not face splicing difficulties, their low stability demands storage at low temperatures,
thus proving problematic for vaccination in developing countries.

On the contrary, certain adenoviral vector vaccines do not require cold chain
storage [2,12,13]. Overall, the adenoviral vector platform and the LNP-RNA platform
do in fact complement each other rather than compete with each other. Still, knowledge
regarding efficient adenoviral vaccine design is limited. Most of the market-approved
vectors employ tetracycline-regulated protein expression for antigen production, masking
possible transgene-related effects on patients, as these effects cannot be observed during
propagation. Additionally, to date, there has been little experience pertaining to the incor-
poration of genes from an RNA virus into a DNA. As such, we strove to share the lessons
we learned while generating our own spike protein-encoding vaccines based on human
adenovirus type 5. In our study, we focused on investigating the effects of transgene codon
optimization, expression cassette building blocks, and deletion or replacement of transgene
internal functionalities on viral propagation and protein expression.

As our study shows, the design of such adenoviral vector vaccines for expressing
a specific transgene is no trivial matter. A delicate balance between expression cassette
functionality, viral propagation and protein expression level is necessary. We demonstrated
the effect of expression cassette design on viral propagation, protein expression and mRNA
splicing. As such, the use of SV40 intron in expression cassettes to enhance protein ex-
pression [7] instead hampered the production of infectious viral particles considerably.
Furthermore, the deletion of certain domains of the spike protein can influence infectivity
and viral particle production, as observed for the ΔER vector. While deletion or replacement
of the N-terminally located signal peptide of the spike protein did not seemingly interfere
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directly with viral propagation in this study, a precise statement cannot be provided, as
vectors with deleted or replaced signal peptide also contained the SV40 intron. Still, our
data suggest that careful consideration should be given to the insertion of additional se-
quences, such as introns or affinity tags, as minor adjustments may result in less infectious
viral particles. Through qPCR analysis, these observations concerning viral propagation
could be confirmed. Nearly all evaluated vectors showed a significant decrease in detected
viral genomes compared to the IL-2-Sfull vector.

Although vector growth did not appear to be affected for ΔSV40-Sfull or ΔSV40-S1
based on physical titers, viral particle production still seemed to be hampered according to
qPCR results. As such, the expression of the spike protein may affect vector growth. As
for protein expression analysis by Western blot, the spike protein was detected only for
vectors expressing the codon-optimized version of the spike protein.Codon optimization of
transgenes for vaccination approaches thus appears beneficial regarding protein expres-
sion level. Problems with mRNA splicing were expected to be the cause for undetectable
spike protein expression because of SV40 intron inclusion in the ΔE1-located expression
cassette. While additional bands could be identified when HEK293 cells were infected
with vectors for one primer combination (#1/#9), no additional bands were observed when
A549 cells were transduced. However, for most SV40 intron-containing vectors (such as
WT-S1, WT-Sfull as well as C-Strep-S1 vector), splice variants seem to exist. Sequencing of
these additional bands (Figure S2) suggests not only excision of introns from the processed
mRNA but also the deletion of the IL-2 signal peptide and a major part of the S1 protein.
When predicting splice acceptor sites with the SpliceRover online tool [14], a splice site
(1473–1484 bp) could be predicted at the incised location. Similar results were obtained
for the band at around 500 bp for the WT-S1 vector construct (data not shown). As such,
using expression-enhancing building blocks such as introns should be considered carefully,
especially when transgenes contain splice acceptor sites. Transfer of RNA proteins into
a DNA background or codon optimization may introduce additional splice sites, which
should be considered for vaccine development. For codon optimization, it was previ-
ously determined that potential splice sites increased compared to the Wuhan isolate in
ChAdOx-1 (Vaxzevria) and Ad26.COV2.S (Jcovden) in silico [15]. The use of other introns,
such as the HAdV-C5 tripartite leader intron instead of the SV40 intron, may alleviate the
aberrant splicing we observed.

Furthermore, protein expression could not be detected for the secretion-modified
IL-2-Sfull vector. This could explain the growth behavior (Figure 3) of this vector in com-
parison to the other vectors of this group (IL-2-S1, ΔSP-Sfull and ΔSP-S1), which showed
considerably hampered viral production (IL-2-S1, ΔSP-Sfull) or no viral particle production
(ΔSP-S1). In general, vectors expressing increased levels of spike proteins, i.e., most of
the vectors modified for their secretion profile (IL-2-S1, ΔSP-Sfull, ΔSP-S1), appeared to be
hampered in viral particle production as measured with physical titers (Figure 2) and qPCR
analysis (Figure 3). As such, high expression of the spike protein also seems to affect viral
propagation. This emphasizes the importance of balancing transgene expression and effi-
cient viral vector production. Alternatively, transgene expression can be adjusted by choice
of promoter [16], a system to repress transgene expression during vector production [17] or
microRNA downregulation [18,19].

Unexpectedly, spike protein expression could not be detected for N-Strep-S1 on Western
blot analysis with anti-S1 antibody (Figure 4A,B). Only a very faint signal was detected when
incubating with human serum after a prime boost with an mRNA vaccine. Contrary to this
observation, a signal for C-Strep-S1 and ΔSV40-S1-C-Strep vectors could be determined by
Western blot analysis (Figure 4). As such, placement of Strep-tag at either the N- or C-terminus
may also influence transgene protein expression. Previous studies clarified that placement of
affinity tags at the N- or C-terminus should be considered carefully with regard to protein
functionality and localization [20]. As most signal peptides, including the signal peptide of
the spike protein, are located at the N-terminus, placement of an affinity tag at C-terminus for
spike protein expression to ensure proper localization seems appropriate.
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Additionally, in this study, deletion of the ER retention signal seemed to promote
syncytia formation in ACE2-overexpressing cell lines. A previous study also documented
this increased formation of syncytia formation by ER retention signal-deleted vectors, when
hACE2-mCherry cells were cocultured with S-Δ19-EGFP-A549 (ER retention signal-deleted
vector) [21]. Compared to AdEmpty and ΔSV40-Sfull, cell fusion between ACE2-expressing
cells was increased when cells were transduced with the ΔER vector.

This effect could also be observed in a panel of different cell lines, such as Huh-7,
KM-12 and SH-SY5Y. Treatment with AngII compared to untreated control suggests involve-
ment of ACE2 in the fusion process, as syncytia formation is decreased in AngII-treated
cells. However, due to only performing a single experiment, a specific conclusion cannot be
drawn, as further experiments would have to be performed. For example, ACE2 expression
could be downregulated with miRNA and be compared with a nonsense miRNA control to
observe whether ΔER vector-mediated syncytia formation would decrease.

To summarize, this study proved that the design of expression cassettes in adenovi-
ral vaccine vectors can affect viral propagation and transgene protein expression. We
observed that codon optimization of transgene sequence enhances protein expression,
whereas deletion and/or replacement of protein domains can promote negative effects
(e.g., fusogenicity) and negatively affect vector production. Expression-enhancing elements
such as introns can prove harmful to viral infectivity. Splice sites may be generated by
contextualizing an RNA gene into a DNA background or codon optimization. Therefore, for
future adenoviral vaccine vector design, we emphasize the consideration of four main areas:
(I) codon optimization, (II) careful consideration of deletion or replacement of transgene
domains, (III) careful analyses of potential novel splice sites, and (IV) careful consideration
of promoter choice and inclusion of, e.g., expression-enhancing elements such as introns.
Nevertheless, one may still expect the unexpected.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/v15112155/s1, Table S1: Primers and oligonucleotides used for
homologous recombination; Table S2: Primers used for mRNA splicing analysis; Table S3: Sequence
of elements used in HAdV-C5 expression cassette; Figure S1: Analysis of mRNA splicing in A549
cells. Figure S2: Results of splicing analysis by Sanger sequencing.
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Abstract: Adenoviruses are promising vectors for vaccine production and gene therapy. Despite
all the efforts in removing animal-derived components such as fetal bovine serum (FBS) during
the production of adenovirus vector (AdV), FBS is still frequently employed in the early stages of
production. Conventionally, first-generation AdVs (E1 deleted) are generated in different variants
of adherent HEK293 cells, and plaque purification (if needed) is performed in adherent cell lines in
the presence of FBS. In this study, we generated an AdV stock in SF-BMAdR (A549 cells adapted
to suspension culture in serum-free medium). We also developed a limiting dilution method using
the same cell line to replace the plaque purification assay. By combining these two technologies,
we were able to completely remove the need for FBS from the process of generating and producing
AdVs. In addition, we demonstrated that the purified AdV stock is free of any replication-competent
adenovirus (RCA). Furthermore, we demonstrated that our limiting dilution method could effectively
rescue an AdV from a stock that is highly contaminated with RCA.

Keywords: adenovirus vector; replication-competent adenovirus; limiting dilution; animal-origin-
free culture media

1. Introduction

The replicative defective adenovirus vector (RD-AdV) with a deletion in its E1 re-
gion is one of the most useful adenovirus vectors for gene therapy and vaccination
(as reviewed: [1–3]). Furthermore, since the beginning of the COVID-19 pandemic, AdVs
have been the most common type of viral vector used for the production of COVID-19
vaccines [4]. To increase the safety of vaccines and gene therapies, the virus is typically
rendered replication-incompetent by deleting its E1 gene. In a typical E1-deleted AdV,
the gene of interest (GOI) is carried by the vector in place of the essential E1 region
(E1A and E1B genes). Amplification of this type of AdV must take place in complementing
cell lines, such as HEK293A cells (an adherent version of HEK293), that provide the E1
functions in trans. HEK293A cells were established by the stable transfection of human
embryonic kidney cells with a segment of the adenovirus genome corresponding to the
left end of the vector [5,6]. AdVs that possess flanking homology sequences with the
adenovirus fragment are integrated into HEK293A cells, and this allows the acquisition of
the E1 region through homologous recombination. This homologous recombination results
in the emergence of replication-competent adenovirus (RCA) and the loss of GOI [7–9].
However, the presence of RCA in biological products, such as those used for gene therapy
and vaccine development, is not desirable because it increases the product toxicity and
reduces its potency. The presence of RCA is thus highly regulated. The maximum limit of
RCA in biological products used for human application is 1 in 3 × 1010 viral particles [10].
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Numerous efforts have been made to reduce or eliminate RCA. One of the approaches is to
generate complementing cell lines that prevent the formation of RCA during vector growth.
A few complementing cell lines have been generated with reduced homology between
the integrated adenovirus sequence and the vector [11–18]. Three of these cell lines were
also adapted to grow in suspension culture and in serum-free medium for easier scale-up
during viral vector production and for regulatory compliance [11,12,19]. Previously, we
have established such a complementing cell line, referred to as SF-BMAdR cells, by stable
transfection of the minimal E1A and E1B genes needed for complementation into human
lung carcinoma (A549), to prevent RCA formation by homologous recombination during
recombinant AdV production. Despite the progress made in establishing new complement-
ing cell lines, many scientists still use different variants of HEK293 (adherent or suspension)
cell lines for the production of their recombinant adenoviruses since the cells are widely
available with well-established experimental protocols.

Another issue in AdV production is the use of fetal bovine serum (FBS) in cell culture.
The presence of FBS in the culture media is challenging and undesirable for clinical ap-
plications due to (I) its complex and variable composition, (II) the risk of contamination
with animal viruses, and (III) ethical issues concerning animal cruelty [20]. The generation
of AdV can be performed through homologous recombination in mammalian cells or by
in vitro molecular cloning followed by transfection of the digested DNA into mammalian
cells [1]. In both methods, FBS is normally added to the cell culture. Also, FBS is added
during the plaque purification assay for isolating recombinant adenovirus from the parental
virus (if recombination is performed in mammalian cell line) or for cloning the AdV.

To attempt to solve the current challenges surrounding the safety and purity require-
ments of AdV for clinical applications, in this study, we have developed a method to
generate, isolate, and amplify clones of recombinant adenovirus devoid of RCA in the
absence of FBS. In addition, we have demonstrated that the limiting dilution method
developed in this study can be used to purify a recombinant adenovirus from a viral stock
highly contaminated with RCA.

2. Materials and Methods

2.1. Cells Lines, Plasmids, and Viruses

Three stable cell lines were used in the current study: anchorage-dependent HEK293A
cells [5] (HEK293A is another name for HEK293. The letter “A” in HEK293A cells refers
to the adherent origin of cell line and differentiates it from HEK293S or HEK293SF that
are adapted to suspension culture, in the presence or in the absence of FBS), A549 cells
(a human lung carcinoma) (obtained from ATCC, CCL-185), and SF-BMAdR cells
(produced in-house [12]). The HEK293A and A549 cell lines were grown in Dulbecco’s
modified Eagle’s medium (Gibco, Life Technologies, Ottawa, ON, Canada), supplemented
with 5% of fetal bovine serum (Hyclone, Logan, TU, USA) and 200 mM of glutamine
(Gibco, Life Technologies, Ottawa, ON, Canada). The SF-BMAdR were grown in PRO293s
CDM (PRO293s, Lonza, Walkersville, MD, USA) or Hycell TransFX H medium
(Hycone, Logan, UT, USA) and were supplemented with 6 mM of glutamine, respec-
tively. Adherent cells were grown in treated 96-well plates or 10 and 15 cm plates
(Sarstedt, Numbrecht, North Rhine-Westphalia, Germany). Depending on the volume
of cell culture, the suspension cultures were performed in 96-, 24-, and 6-well plates
(Sarstedt, Numbrecht, North Rhine-Westphalia, Germany) or in 125 mL to 2 L shake flasks
(Corning, Oneonta, NY, USA). Suspension culture agitation (for volume of ≥3 mL) was
conducted at 100–120 rpm using orbital shakers (Bellco, or GL-300 Analytics).

The construction of pAdEasy-1-NS3-5a by the AdEasy plasmid system (Agilent
Technologies, Santa Clara, CA, USA) which expresses hepatitis C virus NS3 to NS5a
antigens was described previously [21]. This plasmid was used for the generation and
large-scale production of Ad5-CMV5-NS3-5a in SF-BMAdR cell line without FBS. AdErB2,
a first-generation AdV expressing the ErB2 gene [22], was used as a model for E1-deleted
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AdV. AdPTG3602 [23], a wild-type adenovirus without any deletion in the genome, was
used as a surrogate for RCA.

2.2. Developing a Limiting Dilution Method to Replace Plaque Purification

As the acceptable limit of RCA in biological material, in general, is extremely low,
it is not possible to show the clonality and effectiveness of our limiting dilution method
for isolating the AdV from RCA without artificially increasing the initial amounts of
RCA in the test sample. Thus, an artificial AdV viral stock containing high amounts of
wild-type adenovirus was generated to demonstrate the efficacy of our limiting dilution.
The AdV:Her2 (as the surrogate for first-generation AdV), with wild-type adenovirus
(as the surrogate for RCA) had a 1:1 ratio (Figure 1). Three 96-well plates were seeded with
30,000 SF-BMAdR cells in 50 μL/well. A total of 6 log2 dilutions of mixed viruses starting
with 5 infectious units (ifu) to 0.16 ifu/50 μL was prepared. Immediately, 48 wells were
infected with 50 μL of each log2 dilution of the mixed viruses. After 1 week of incubation,
the plates underwent three rounds of freeze–thaw cycles. In the next step, the HEK293A
cells were used to differentiate the infected wells from noninfected wells. Three plates
of 96-well plates were seeded with 15,000 HEK293A cells/well and, the day after, plates
were infected with 50 μL of the supernatant of infected SF-BMAdR cells. Each well on
the infected plate of HEK293A corresponds to the same position/clone on the infected
SF-BMAdR plates. Five days post-infection (p.i.), cells were fixed with methanol, and
the presence of adenovirus fiber in infected cells was confirmed by immunostaining via
a protocol described previously [24]. Briefly, 100% methanol was used as a fixing agent.
PBS + 2% FBS was used as a washing and blocking reagent, as well as a diluent for the
monoclonal antibodies used during immunostaining, and conjugated. The plates were
washed three times between each step of the immunostaining. The fixed cells were blocked
for 60 min, and incubated for 2 h with an in-house monoclonal antibody against adenovirus
fiber (2G11-2) at a concentration of 1 μg/mL. Next, the samples were washed and incubated
for 1 h at room temperature with a secondary antibody, which is a fluorescein isothiocyanate
(FITC) conjugated anti-mouse antibody (Fluorescein-AffiniPure F(ab’)2 Fragment Goat
Anti-Mouse IgG, Fc gamma Fragment Specific, (Jackson ImmunoResearch #115-096-071,
West Grove, PA, USA)) used at a dilution of 1/600.

To differentiate recombinant adenovirus from RCA, the positive colonies from infected
SF-BMAdR 96-well plates were picked and amplified once in SF-BMAdR cells via the same
protocol as described above to increase virus titer. In the next step, 96-well plates were
seeded with 15,000 cells/well of HEK293A and A549 cells in alternating columns. The day
after, 50 μL of log10 dilution (from 10−1 to 10−8) of each amplified AdV clone was added to
eight wells of one column for each cell line, with each dilution added to one well per cell
line. The presence of a cytopathic effect (CPE) was observed and scored at 10 days p.i. in
both cell lines using a bright-field microscope.
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2.3. Generation of rAdV without FBS

A recombinant adenovirus encoding the HCV-NS3 to NS5a antigens (Ad5-CMV5-
NS3-5a) was made previously by homologous recombination in bacteria using the AdEasy
plasmid system (Agilent Technologies, Santa Clara, CA, USA). The virus was made by
transfecting the HEK293A with a PacI-digested shuttle vector [21]. In this study, we
repeated the experiment by replacing the HEK293A with SF-BMAdR cells. A total of
3 mL of SF-BMAdR cells in Pro293s medium was seeded in 6-well plates at a concentration
of 106 cells/mL and transfected with 3 or 5 μg of the PacI-digested shuttle vector using
Polyethylenimine (PEIpro, Polyplus, Illkirch, France) with the ratio of PEIpro to DNA
being 1.5 to 1. At 7 days post-transfection, the transfected cells were frozen and thawed
three times. Supernatant of infected cells in both transfections was subject to two rounds
of limiting dilution as described above, with only minor modifications. In the first round
of limiting dilution, the starting dilution for the first log2 dilution was 2 × 10−1 and
32 wells were infected per dilution; in the second round of limiting dilution, the first
dilution was 2 × 10−2 and 24 wells were infected for each dilution. After the first round of
limiting dilution, one clone from each transfection was selected for the second round of
limiting dilution.

2.4. Scale-Up and RCA Detection

After the second round of limiting dilution of Ad5-CMV5-NS3-5a, 12 subclones were
selected to be amplified in SF-BMAdR cells for one round, in preparation for RCA detection
analysis, which is performed with parallel amplification of viral subclones in HEK293A
and A549. To confirm the absence of RCA at a larger scale, a subclone was amplified three
times in the SF-BMAdR cell line, up to 1 L production. Briefly, the SF-BMAdR cells were
cultured in PRO293s CDM or Hycell supplemented with 6 mM of glutamine. During the
cell culture scale-up, cell concentration was kept between 2.5 × 105 and 1.5 × 106 cells/mL.
On the day of infection, cells were diluted to 5 × 105 cells/mL with fresh medium. The
three successive infections were carried out in 6-well plates (3 mL culture), 125 mL shaker
flasks (20 mL culture), and, finally, in two 2 L shaker flasks (2 × 500 mL culture). For the
first two infections, cells were harvested and freeze–thawed three times three days p.i.
For the last infection, the freeze/thaw cycle was performed over cell pellets resuspended
in 20 mL culture. The virus was purified by CsCl two-step-gradient (1.2 and 1.4 g/cm3)
centrifugation (59,000× g, 4 ◦C, 1 h 30) followed by continuous CsCl gradient centrifugation
(59,000× g, 4 ◦C, 20 h) [24]. To quantify the viral particles (VP)/mL, the virus was diluted
in a lysis solution (0.1% sodium dodecyl sulfate (SDS), 10 mM Tris-Cl pH 7.4, 1 mM EDTA)
for 10 min at 56 ◦C. The OD260 was measured using the Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and VP/mL was calculated by multiplying
the OD by the dilution factor and the extinction coefficient of 1.1 × 1012 [25].

The purified stock was tested for RCA presence. The A549 cells were seeded in
11 mm × 150 mm dishes at 6 × 106 cells/dish. The day after, they were infected with
2 × 1010 VP/dish of Ad5-CMV5-NS3-5a. To observe if there were any interference ef-
fects during the RCA detection test, three dishes (control group) were also infected with
3, 5, and 10 infectious units of AdPTG3602 (a wild-type adenovirus). At 6 dpi, 5 mL fresh
medium was added to each dish and the CPE was followed, up to 10 dpi. At this time, the
medium and cells were harvested. After centrifugation, cells were resuspended in 3 mL
of fresh medium and freeze/thawed three times. Cell lysis was centrifuged and all of the
supernatant was used for infecting 11 newly seeded 150 mm dishes of A549 cells. A total of
5 mL of fresh medium was added to each dish at 6 dpi and the CPE was followed, up to
10 dpi. Cells and medium were harvested and concentrated to 1 mL and freeze/thawed
three times at 10 dpi. The presence or absence of adenovirus in each sample was confirmed
in the third passage by immunostaining infected A549 cells. Briefly, 96-well plates of A549
cells at a concentration of 30,000 cells/well were infected with log10 dilution of infected cell
lysis. At 48 hpi, the cells were fixed and immunostained by a monoclonal antibody against
adenovirus fiber as described previously [24].
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3. Results

3.1. Cloning AdV by Limiting Dilution

Plaque purification of AdV is one of two steps in adenovirus generation that is com-
monly performed in an adherent cell line in the presence of FBS. Plaque purification is
essential for separating wild-type adenoviruses from recombinants when adenoviruses are
generated by homologue recombination in mammalian cell lines. However, if the AdV is
produced by the AdEasy system (recombination happens in E. coli instead), plaque purifi-
cation is nonmandatory, as all the produced AdVs after transfection are recombinant [26].
However, it is better to perform at least one round of plaque purification to ensure the
purity and clonality of the virus and initiate vector production scale-up with a virus clone
that has a confirmed GOI expression.

In this study, we developed a limiting dilution method in suspension culture without
FBS to replace the plaque purification assay in order to completely remove FBS from the
virus production process. The efficacy of this method for AdV clone isolation was shown by
purifying an E1-deleted AdV from a stock highly contaminated with wild-type adenovirus.
However, with this method, we cannot observe visible CPE in infected SF-BMAdR cells
since they are in suspension. An additional amplification step in adherent cells (HEK293A)
is, therefore, essential to identify the wells infected with adenoviruses.

The number of infected wells per each 1
2 of the 96-well plates post immunostaining

is indicated in Table 1. There is a direct correlation between the number of positive wells
and the number of infectious viral particles that were used for infecting each well. At this
stage, we were not able to distinguish between RCA (E1-positive) and first-generation
(E1-negative) AdV, as both viruses can replicate in HEK293A cells. A comparative infection
in A549 and HEK293A was needed to differentiate RCA-infected wells from E1-deleted
AdV-infected wells. However, our preliminary results showed that the titer of E1-deleted
AdV in infected SF-BMAdR cells with one infectious particle was low, and we could not
directly use these seed stocks. Thus, an additional round of amplification in SF-BMAdR
was necessary to increase the virus’ titer before comparing their CPE in A549 and HEK293A.
Table 2 shows a few examples of how the result is interpreted. For example, we determined
that both samples #1 and #2 contain RCA as the virus replicated in both cell lines. We
determined that samples #3 and #4 are E1-deleted AdV, as they replicated only in HEK293A
but not A549.

Table 1. The number of wells which were identified as either E1-deleted AdV or RCA at each
concentration of the mixed seed stock. The positive wells are either scored as RCA or E1-deleted AdV
or excluded from analysis. The last column presents the sum of all the analyzed wells.

Infectious Dose (ifu)/Well (SF-BMAdR) 5 2.5 1.25 0.63 0.31 0.16 Total of All Wells

Total positive wells in FFA (HEK293A) 38 27 14 7 5 1 92

Amplifed wells in SF-BMAdR cells 35 27 14 7 5 1 89

RCA (amplified in HEK293A & A549 cells) 16 10 7 2 0 0 35

AdV (amplified only in HEK293A) 13 11 6 3 5 1 39

Exclueded (Not amplified or had low titer) 6 6 1 2 0 0 15

On some occasions, when the virus titer was very high (sample #4), a cytotoxic effect
could be detected in the first dilution of A549. This is caused by infecting the cells with a
very high multiplicity of infection (MOI). Samples like #5 and #6 are excluded from our
analysis because they did not show CPE in either cell line with dilution higher than 10−2

and, therefore, their comparison in both cell lines was not meaningful. Of over 74 amplified
adenoviruses, 39 were E1-deleted AdV and 35 were RCA with a ratio of 1.1:1, which is
roughly the same as the ratio of the mixed stock for limiting dilution that we started with
(1:1) (Table 1).
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Table 2. A comparative analysis of AdV (E1-negative) and RCA (E1-positive) in HEK293A and A549
cell lines. The E1-deleted AdV replicates only in HEK29A but RCA replicates in both cell lines.
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3.2. Generation of rAdV in the Absence of FBS and RCA

To have an entire process of AdV generation and production devoid of FBS and
RCA, we employed an alternative cell line, the SF-BMAdR, to replace HEK293A cells at
the stage of transfection. Ad5-CMV5-NS3-5a was generated in the SF-BMAdR cell line
in the absence of FBS. Transfection of six-well plates with 3 μg of DNA has generated
two times more AdV than transfection with 5 μg of DNA. The supernatant of infected cells
in both transfections was subject to two rounds of limiting dilution. All 12 of the selected
clones that underwent the first round of limiting dilution were E1-deleted AdV. One clone
from each transfection was selected for the second round of limiting dilution. Again,
12 subclones were selected in total and, after one cycle of amplification in SF-BMAdR cells,
followed by parallel amplification in HEK293A and A549, all subclones were characterized
as E1-deleted AdV.

To confirm the absence of RCA, one subclone of Ad5-CMV5-NS3-5a was amplified
three times in SF-BMAdR. The final 1L stock was purified. RCA detection was performed
in A549 cells. At the second passage in A549 cells, the CPE was observed in all the
three samples of the control group that were co-infected with 3, 5, and 10 infectious units of
wild-type adenovirus but not in the eight dishes infected with only recombinant adenovirus
(test group), as expected (Figure 2A). No interference was detected when cells were infected
with an MOI of 1666 VP/cell of AdV (2 × 1010 VP/dish) and 3 to 10 ifu/dish of wild-type
adenovirus. The immunostaining of infected cells confirmed that the CPE observed in the
control group was caused by the replication of adenovirus. No CPE or immunostaining-
positive cells were detected in the test group (infected cells with only E1-deleted AdV)
(Figure 2B).
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Figure 2. RCA detection in A549 cells. (A) Presence of RCA was evaluated in purified virus stock by
two successive passages in A549 cells followed by the immunostaining over the third passage. In the
second passage, the dishes in the control group showed CPE since 6 dpi (dish infected with 3 IU of
wild-type shown) but no CPE was detected in the eight test dishes until the end of the experiment.
(B) For immunostaining, the A549 cells were infected with different dilutions of cell lysis harvested
from the second amplification. Only one photo from each virus dilution is shown. The first row
shows the control group in the first passage co-infected with 3 IU of wild-type adenovirus. The
second to fourth rows show three out of eight test dishes infected with only E1-deleted AdV at the
first passage. The last row shows noninfected cells.
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4. Discussion

The limiting dilution method that we developed in this paper was able to isolate
E1-deleted AdV from a viral stock highly contaminated with undesirable RCA. Fortunately,
in real-world applications, the level of contamination is usually much lower. This means
our limiting dilution method has the potential to be even more effective.

Regardless of the method used for AdV isolation, whether it is plaque purification
or limiting dilution, we could not exclude the possibility of having more than one AdV
infecting the same cell or neighbouring cells (in plaque assay) or well (in limiting dilution).
This could happen especially when the wells are infected with more than one infectious
particle per well. However, the possibility of this happening is much lower at a higher
dilution. In our limiting dilution method, if a well is infected simultaneously with an AdV
and an RCA, it is identified as RCA and it will be excluded from the next step. In the case
of infecting the same well with two AdVs, if the clonality of the AdV stock is imperative,
another round of limiting dilution is recommended. Infecting more wells with a higher
dilution in the first round of limiting dilution can be an alternative to performing a second
round of limiting dilution.

The unavailability of cell lines that prevent the formation of RCA or the inability to
change the AdV production process in adherent or suspension variants of the HEK293
cell line can potentially lead to RCA formation at the later stages of production. The
limiting dilution method described in this paper can also be used as an alternative to
plaque purification to rescue a well-characterized E1-deleted AdV stock contaminated
with RCA. Specifically, the method can purify AdV stocks when the level of RCA in the
stock exceeds the acceptable level for clinical trials. In addition, the lack of FBS or animal-
derived components used in this process is an additional asset. To reduce the number
of 96-well plates needing to be analyzed during limiting dilution, we suggest titrating
the virus seed in order to infect the wells with less than 1 infectious unit per well. We
used the immunostaining method for the detection of AdV-infected wells during limiting
dilution to decrease the incubation period. However, immunostaining is not indispensable
and, by extending the incubation period by 5–7 days, CPE will become apparent in the
infected wells.

To completely remove FBS from the entire virus generation and production process,
we studied the feasibility of generating AdV by transfection of SF-BMAdR cells. The
virus titer produced in SF-BMAdR cells was lower than those produced in HEK293A
cells. This is due to the lower transfection efficiency of large plasmids in A549-derived cells
(such as SF-BMAdR cells) compared to HEK293A cells [27]. However, this is not a significant
issue since we only need tens or hundreds of infectious virus particles to start the limiting
dilution. If the production of the AdV stock originates from a pool of transfected cells
without prior cloning, one additional passage is needed to have a high titer seed stock for
scale-up.

The possible presence of RCA was evaluated in the purified virus stock by
two successive passages in A549 cells followed by immunostaining over the third passage.
In total, 9.6 × 107 cells were infected with 1.6 × 1011 VP of AdV resulting in an MOI of
1666 VP/cell. No interference for replication of RCA was reported in the presence of up
to 2000 particles per cell of E1-deleted AdV [28]. We did not detect any CPE after the
first and second passage in any of the test dishes. However, all three dishes in the control
group showed CPE at the second passage (but not at the first passage). Consequently, at
least two passages are needed to confirm the presence of RCA. We used a conventional
cell-culture-based RCA assay for detecting RCA, and the assay needs 3 weeks to complete.
However, the infectivity PCR-based RCA assays [29] are faster methods that can reach the
same level of sensitivity in a shorter period of time. Immunostaining was performed in our
study to confirm that CPE was indeed caused by adenovirus and to further increase the
sensibility of the assay, in the case that we missed a weak CPE (difficult to observe by eye)
at the second passage. The test group dishes were infected in total with 1.6 × 1011 VP. As
we were able to detect CPE caused by as low as 3 infectious units of wild-type adenovirus

28



Viruses 2023, 15, 2152

without interference in all the control group samples, our RCA detection method reached
levels of sensitivity of 1 IU of RCA in 5.33 × 1010 VP, which is slightly more sensitive than
the FDA recommendation of RCA in biological materials (1 IU of RCA in 3 × 1010 VP).

5. Conclusions

The method developed in this study allows us to generate clones of recombinant
adenovirus in the absence of FBS and devoid of RCA. It thus improves the safety for
clinical applications of AdV. Also, this limiting dilution method allows us to rescue well-
characterized E1-deleted AdV stocks contaminated with RCA and decreases the amount of
time required for the generation and characterization of new viral stocks.
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Abstract: Glioblastoma (GBM) is the most common and aggressive adult brain cancer with an average
survival rate of around 15 months in patients receiving standard treatment. Oncolytic adenovirus
expressing therapeutic transgenes represent a promising alternative treatment for GBM. Of the
many human adenoviral serotypes described to date, adenovirus 5 (HAdV-C5) has been the most
utilised clinically and experimentally. However, the use of Ad5 as an anti-cancer agent may be
hampered by naturally high seroprevalence rates to HAdV-C5 coupled with the infection of healthy
cells via native receptors. To explore whether alternative natural adenoviral tropisms are better
suited to GBM therapeutics, we pseudotyped an HAdV-C5-based platform using the fibre knob
protein from alternative serotypes. We demonstrate that the adenoviral entry receptor coxsackie,
adenovirus receptor (CAR) and CD46 are highly expressed by both GBM and healthy brain tissue,
whereas Desmoglein 2 (DSG2) is expressed at a low level in GBM. We demonstrate that adenoviral
pseudotypes, engaging CAR, CD46 and DSG2, effectively transduce GBM cells. However, the
presence of these receptors on non-transformed cells presents the possibility of off-target effects and
therapeutic transgene expression in healthy cells. To enhance the specificity of transgene expression
to GBM, we assessed the potential for tumour-specific promoters hTERT and survivin to drive
reporter gene expression selectively in GBM cell lines. We demonstrate tight GBM-specific transgene
expression using these constructs, indicating that the combination of pseudotyping and tumour-
specific promoter approaches may enable the development of efficacious therapies better suited
to GBM.

Keywords: brain tumour; oncolytic virus; receptor; therapy

1. Introduction

Glioblastoma (GBM), a tumour thought to arise from neuroglial stem or progenitor
cells, is the most aggressive primary adult brain cancer. It has an average incidence of 3 cases
per 100,000 people per year worldwide [1], making it the most common type of malignant
adult brain neoplasm. The current standard treatment procedure for GBM involves the
maximum surgical resection of the tumour (where possible), followed by radiation therapy
and concomitant chemotherapy using the oral alkylating agent temozolomide (TMZ).
Nevertheless, due to its heterogeneity, invasiveness, and rapid growth, the prognosis
for GBM patients is very poor, where the mean overall survival is only approximately
15 months [2].

Oncolytic viruses, which are viruses engineered to selectively infect and lyse tumour
cells, constitute a promising alternative therapeutic agent for GBM (reviewed in [3]). Their
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ability to self-amplify within tumour cells not only expands the therapy at the point of
need (i.e., within the tumour microenvironment, TME), but also induces immunogenic
cell death (ICD) through the lytic nature of cell death. The power of oncolytic viruses can
be further augmented via the engineering of potent therapeutic transgenes into the viral
genome that can further enhance immune activation and immune-cell-mediated tumour
cell killing. Collectively, these traits have the potential to instigate an anti-glioma immune
response against both the primary tumour and metastatic growth within the brain.

Whilst the array of viruses available for oncolytic applications are wide, adenoviruses
(HAdV) have proven to be the most popular as oncolytic viruses against several types of
cancer, as gauged by the volume of clinical trials conducted in the area to date [4]. They have
a clinically proven safety profile, are relatively amenable to genetic manipulation and are
able to accommodate relatively large transgene inserts [5]. However, to date, the promising
results demonstrated in vitro and in murine models of cancer have largely failed to translate
into significant efficacy in clinical trials. Whilst these trials have demonstrated feasibility and
safety, improvements in cancer patient outcomes have generally been modest [6,7]. Limited
efficacy may be due in part to the over reliance of many clinical studies on adenovirus 5
(HAdV-C5).

There have been over 100 human adenoviral serotypes described to date with differing
entry receptors as well as prevalence rates within the human population [8]. HAdV-C5
has a particularly high prevalence in the human population, especially in Africa and Asia.
Neutralising antibodies against HAdV-C5, generated in response to a natural pathogenic
infection, may hamper the efficacy of HAdV-C5-based therapies when deployed clini-
cally due to immune inactivation [9,10]. Alternative serotypes including HAdV-D10 have
been explored to overcome the effects of anti-HAdV-C5 neutralisation [11]. In addition,
HAdV-C5 engages coxsackie and adenovirus receptor (CAR) [12] as a primary means of cell
entry, a receptor that is expressed both on erythrocytes and the tight junctions of epithelial
cells (reviewed in [13]), yet is commonly downregulated by some types of cancer [14,15].
Furthermore, interactions between the major HAdV-C5 capsid protein, hexon and blood
clotting factors, particularly factor (F) X, result in the rapid and efficient cellular uptake of
HAdV-C5 virions via widely expressed heparan sulphate proteoglycans (HSPGs) [16–18].
This results in the depletion of the therapeutic effects due to widespread off-target infection
and sequestration with inefficient tumour cell infection by HAdV-C5 [19]. HAdV-C5-based
therapies for recurrent GBM are often delivered via intratumoral administration which
limits off-target effects; however, these therapies have so far only been able to demonstrate
modest success. Whilst demonstrating the safety and oncolysis via the intratumoral deliv-
ery of the virus, the overall median patient survival was not improved due to the standard
of care (13 months) as the tumour invariably returned [20]. Local delivery is likely a neces-
sity in GBM for overcoming the physical obstacle of the blood–brain barrier and to prevent
local recurrence after surgical resection. We therefore investigated whether the develop-
ment of Ad-based therapeutics using alternative adenovirus entry receptors may represent
a more potent virotherapy for GBM. We have focused on HAdV-C5 vectors pseudotyped
with fibre knob proteins derived from serotypes HAdV-D26, HAdV-B35 and HAdV-B3,
which utilise the cell entry receptors sialic acid (SA) [21] or CD46 [22] and Desmoglein 2
(DSG2) [23], respectively. We demonstrate that GBM cell lines and tissue express all three
adenoviral entry receptors tested, namely CAR, CD46 and DSG2. In addition, sialic acid
is known to be expressed at high levels in the brain [24]. GBM does not express αvβ6
integrin, which is upregulated in many other types of aggressive cancers (e.g., ovarian,
lung, skin and cervical cancer [25]), and is a promising target for novel adenoviral oncolytic
therapies [11,26–28]. We also investigated the efficacy of various HAdV-C5 pseudotypes to
gauge which adenoviral serotype may be better suited for oncolytic therapy in GBM. Our
experiments revealed that both GBM and GBM stem cells express recognised adenoviral
receptors and can be transduced by HAdV-C5 and HAdV-C5 with pseudotyped fibre knob
proteins binding CD46, sialic acid and DSG2. Since these entry receptors are not unique to
transformed GBM cells, and are expressed on normal cells, we additionally investigated
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whether improving selectivity, through the incorporation of tumour-specific promoters,
could be employed to regulate the expression of potentially toxic or immunostimulatory
transgenes in transformed GBM cells. Our findings indicate that a combination of alterna-
tive receptor usage, either through the use of pseudotyped or whole serotyped vectors, in
combination with tumour-specific promoters such as survivin, may offer a powerful and
highly selective means to deliver cytotoxic or immunostimulatory payloads selectively to
GBM cells.

2. Materials and Methods

2.1. Cell Lines and Adenoviral Vectors

Human-patient-derived GBM stem cell lines L0 and L1 [29] were cultured as described
previously [30,31]. Briefly, cells were cultured in DMEM-F12 supplemented with N2
(Thermo Fisher, Waltham, MA, USA, cat. no. 17502048) and 20 ng/mL EGF (R&D systems,
Minneapolis, MN, USA cat. no. 236-EG-200), 20 ng/mL FGF (R&D systems Minneapolis,
MN, USA, cat. No. 233-FB-010) and 100 μg/mL heparin (Sigma, Gillingham, UK cat.
no. H4784). Cells were seeded at a density of 50,000 cells/mL, cultured as neurospheres
and passaged every 7 days using Accutase (Sigma, Gillingham, UK cat. no. A6964) to
disassociate the cells. E51 and E55 were obtained from the Glioma Cellular Genetics
Resource (GCGR) from Professor Steve Pollard (University of Edinburgh). E51 and E55
were derived from GBM patients and cultured as previously described [32]. Cells were
grown in DMEM-F12 (cat. no. D8437). Complete DMEM-F12 with 1.25% glucose (Sigma,
Gillingham, UK G8644), 2% l MEM-NEAA (Gibco, Paisley, UK 11140-035), penicillin and
streptomycin, 0.16% and 7.5% BSA solution (Gibco, Paisley, UK 15260-037), 0.2% beta
mercaptoethanol (Gibco, Paisley, UK 31350-010), 1% B27 Supplement (Gibco, Paisley, UK
17504-044) and 0.5% N2 supplement (Gibco, Paisley, UK 17502-048) was used. Complete
medium was supplemented with mouse EGF (10 ng/mL, peprotech, Cranbury, NJ, USA
315-09), human FGF (10 ng/mL, peprotech, Cranbury, NJ, USA 100-18b) and laminin
(2 μg/mL, Sigma, Gillingham, UK, L2020). HFCAR cells were generated in house and
cultured in DMEM supplemented with 10% FBS, 2% penicillin and streptomycin and 1%
L-Glutamine.

Adenoviral vectors were produced as described previously using recombineering
techniques [33]. Replication-deficient HAdV-C5 expressing a luciferase reporter gene
provided the backbone for the replacement of fibre knob (K) protein to generate HAdV-
C5/D26K, HAdV-C5/B35K and HAdV-C5/D49K [21]. HAdV-C5/B3K expressing the GFP
reporter gene was provided by Professor Andre Lieber (University of Washington). HAdV-
C5 vectors with luciferase expression under the control of the tumour-specific promoters
hTERT and Survivin and Survivin/hTERT fusion promoter (Survivin-luciferase-BHG poly
A-hTERT) were generated in house using recombineering techniques. Promoter sequences
have been included in Supplementary Table S1. Viral vectors were expanded in 293-TRex
cells and purified using two step CsCl gradient ultracentrifugation.

2.2. Flow Cytometry

Cells were incubated in FACS buffer (PBS) (Thermo Fisher, Waltham, MA, USA cat.
no. 10010023) with 5% foetal bovine serum (Sigma, Gillingham, UK cat. no. F9665) and
labelled with mouse primary antibodies: anti-αvβ6 10D5 (Millipore, Burlington, MA, USA
cat no. mab20772), anti-CAR RmcB (Millipore, Burlington, MA, USA cat. no. 05-644),
anti-CD46 258-MEM (Novus Biologicals, Littleton, CO, USA cat. no. LS-B5950-50) or
anti-DSG2 CSTEM28 (Thermo Fisher, cat. no. 14-9159-82); all antibodies were diluted 1:500.
Cells were subsequently stained with a secondary anti-mouse 647-conjugated antibody
(Thermo Fisher, Waltham, MA, USA) and fixed with 4% paraformaldehyde. Appropriate
fluorescence gating parameters were established using unstained and matched isotype
control IgG-stained cells. In all of the experiments, doublets were eliminated using pulse
geometry gates (FSC-H versus FSC-A). Single-cell suspensions were analysed using a BD
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AccuriTM C6 flow cytometer; FlowJo software (FlowJo LLC., Franklin Lakes, NJ, USA) was
used for subsequent analyses.

2.3. Viral Infection and Luciferase Assays

Viral transduction assays were performed as described previously [34]. Briefly, cells
were seeded at a density of 20,000 cells/well in a 96-microwell plate (Nunc, Thermo Fisher,
Waltham, MA, USA) and infected with concentrations of 1000, 5000 or 10,000 virus particles
(vps)/cell the following day. For each experimental condition, triplicate wells were treated,
and a no-virus control was included. After 72 h, cells were lysed and the luciferase activity
was quantified using a BioTek microplate reader and the luciferase assay system (Promega,
Madison, WI, USA cat. no. E1500) according to the manufacturer’s instructions. In addition,
total protein concentration per well was determined using a microplate absorbance plate
reader (BioTek, Winooski, VT, USA) and the Pierce Micro BCA Protein assay (Thermo
Fisher, Waltham, MA, USA cat. no. 10249133) to enable correction to relative luminescence
units (RLUs) per mg of total protein. Viral infections with GFP-expressing vectors were
carried out in the same manner; however, GFP levels were measured after 72 h via fixing
cells in 4% paraformaldehyde and measuring fluorescence using the BD AccuriTM C6
flow cytometer, acquiring the data in the FL1 channel. Data were analysed using FlowJo
software (FlowJo LLC.).

2.4. mRNA Expression Analysis

The GBM multiforme RNA-seq data from the Cancer Genome Atlas (TCGA) (n = 153)
and normal brain Genotype Tissue expression (GTEx) (n = 1141) RNA-seq datasets were
downloaded from the UCSC Xena RNA-seq Compendium (https://xena.ucsc.edu/), ac-
cessed on 3 March 2023, where the samples had been normalised and re-analysed using
the same RNA-seq pipeline to eliminate batch effects [35]. The expression of CAR, CD46,
DSG2, Survivin and hTERT was compared between glioblastoma tumour and normal
brain samples.

2.5. Statistical Analysis

Statistical analyses were performed using Graphpad Prism 8 software (version 8.4.3).
The normality of datasets was tested using the D’Agostino Pearson test and non-normally
distributed data were compared using a Mann–Whitney U test. When comparing the
means of ≥2 non-normally distributed groups involving one independent variable, the
Kruskal–Wallis test with Dunn’s multiple comparisons was used. Statistically significant
differences were marked as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 and **** p ≤ 0.0001.

3. Results

3.1. Expression of the Adenoviral Receptors CAR, CD46 and DSG2 in GBM

The species C HAdV-C5 is well described as engaging CAR and a primary cell entry
receptor, which anatomically is localised in tight junctions. Species B adenovirus serotypes
HAdV-B35 and HAdV-B3 use the ubiquitously expressed membrane protein CD46 and
the cell–cell adhesion protein DSG2, respectively. Using mRNA expression data taken
from the TCGA dataset for GBM and the GTex dataset for normal healthy brain tissue, the
presence of CAR, CD46 and DSG2 was compared (Figure 1A). CAR and CD46 mRNA were
abundant in both healthy brains and GBM. CAR mRNA levels in GBM were significantly
higher than in healthy brains. High levels of CD46 mRNA were observed in both healthy
brains and GBM, although there were significantly higher mRNA levels in normal brains.
DSG2 mRNA levels were substantially lower overall compared to CAR and CD46; however,
there was greater expression of DSG2 mRNA in GBM compared to normal brain tissue. To
conclude, although there is differential mRNA expression of adenoviral receptors between
healthy brain tissue and GBM, the presence of native adenoviral receptors on normal brain
tissue represents an obstacle when considering the development of oncolytic adenoviruses
using these receptors as potential GBM treatments.
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The expression of the adenoviral receptor on three GBM-derived cell lines was anal-
ysed using flow cytometry (Figure 1B). L1 was a suspension stem cell line derived from
a high-grade GBM patient. E51 and E55 were adherent glioma stem cell lines derived from
high-grade GBM patients. Figure 1B demonstrates receptor staining for CAR, CD46 and
DSG2. L1 and E51 cells express high levels of all three adenoviral receptors. E55 cells were
positive for CD46 but demonstrated low levels of both CAR (42.6%) and DSG2 (0.77%).
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Figure 1. Expression of recognised adenoviral receptors on GBM, L1 cells and glioma stem cells (E51
and E55). (A) mRNA expression analysis of adenoviral receptors CAR, CD46 and DSG2 in GBM vs.
normal brain. The data were collated from TCGA (tumour) and GTEx (normal) and represent n = 153
and n = 1141, respectively. Statistical significance was determined using the Mann–Whitney U test:
**** p ≤ 0.0001. (B) Flow cytometry was used to determine receptor staining for CAR, CD46 and
DSG2 on the surface of L1 (GBM) and glioma stem cells (E51 and E55). Histograms are representative
examples from an individual experiment repeated in triplicate.

3.2. Transduction of Pseudotyped Adenoviral Vectors in GBM

GBM-derived cell lines L1, E51 and E55 were transduced using an HAdV-C5 vec-
tor and HAdV-C5 pseudotypes HAdV-C5/D26K, HAdV-C5/B35K and HAdV-C5/D49K,
expressing the transgene under the control of a CMV IE promoter. L1 cells were trans-

36



Viruses 2023, 15, 1086

duced efficiently by all four viral vectors (Figure 2A). Interestingly, a dependent response
was not observed in this cell line, suggesting that the threshold of infection was at the
lowest dose of 1000 vps/cell. E51 cells were transduced by all viral pseudotypes, where
we observed a dose-dependent response with increasing transduction from 1000 vps/cell
to 10,000 vps/cell (Figure 2B). Both L1 and E51 express high levels of CAR and CD46;
therefore, these transduction data are in line with the expected results. E55 cells express
lower levels of CAR than L1 and E51; however, it remained permissive to transduction
by HAdV-C5. All pseudotype vectors were able to transduce E55 cells (Figure 2C). Over-
all, after a comparison of all four viral vectors tested, HAdV-C5/D49K, which uses an
unknown cellular receptor [36,37], transduced all three cell lines the most efficiently. This
was also observed at a lower dose of 500 vps/cell used in L1 cells (Figure 2D). L1 cells
were transduced with 500 vps/cell to determine whether this was under the threshold
to observe a dose-dependent response. Interestingly, at this dose, it was apparent that
HAdV-C5, HAdV-C5/D26K and HAdV-C5/B35K were not transduced as efficiently as
HAdV-C5/D49K.

Figure 2. Transduction of L1, E51 and E55 cells via adenoviral pseudotype vectors. (A) L1 cells,
(B) E51 cells and (C) E55 cells were transduced with 1000, 5000 and 10,000 vps/cell of adenoviral
pseudotype vectors HAdV-C5 (Ad5), HAdV-C5/D26K (Ad5/26K), HAdV-C5/B35K (Ad5/35K) and
HAdV-C5/D49K (Ad5/49K). (D) L1 cells were transduced with 500 vps/cell to investigate the
threshold for infection. Luciferase activity was measured 72 h post infection. Data represent the mean
of triplicates with individual data points shown. Error bars represent standard deviation, and data
have been presented on a log scale.

HAdV-B3 is recognised as engaging DSG2 for cell entry and therefore an HAdV-
C5/B3K pseudotype vector expressing GFP as a reporter gene was used to investigate
the differential usage of DSG2 via adenoviral vectors in GBM. The transduction of HAdV-
C5/B3K was quantified via the expression of the GFP reporter gene in L1 (DSG2 high) and
E55 (DSG2 low) cells. L1 cells demonstrated a dose-dependent transduction of the HAdV-
C5/B3K virus; however, HAdV-C5 transduction remained consistent (approximately 60%)
for all three doses (Figure 3A). HAdV-C5/B3K did not transduce L1 as efficiently as HAdV-
C5, despite the presence of DSG2 on this cell line (Figure 1B). E55 cells were negative for
DSG2 (Figure 1B), and consequently HAdV-C5/B3K did not transduce E55 cells efficiently
even at the highest dose of 10,000 vps/cell (Figure 3B). Representative microscopic images
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were taken (Figure 3C). These data suggest that although there is a degree of receptor
specificity, it cannot be relied upon for tumour-specific uptake into GBM cells. Post entry
selectivity must also be considered to improve the safety of adenoviral vectors for the
treatment of GBM.

Figure 3. L1 and E55 cells were transduced with HAdV-C5 (Ad5) and HAdV-C5/B3K (Ad5/3)
vectors expressing GFP. GFP levels were measured via flow cytometry and data were analysed using
FlowJo. (A) L1 cells and (B) E55 were transduced with HAdV-C5.GFP and HAdV-C5/B3K.GFP at
concentrations of 1000, 5000 and 10,000 vps/cell. Data are presented as mean of triplicate values of
an independent experiment and individual data points are shown. (C) Representative images of E55
cells taken at 10X magnification bars using the EVOS cell imaging system (ThermoFisher). Images
were taken both in TRANS and GFP channels and merged. Scale bar represents 300 μm.

3.3. Tumour-Specific Promoter hTERT and Survivin Offer Benefits in GBM Cells over
Normal Cells

It has been reported that 75% of GBMs contain mutations in the human telomerase
reverse transcriptase gene (hTERT) [38]. Similarly, survivin, an inhibitor of apoptosis, is
expressed in nearly 80% of GBMs [39]. Adenoviral vectors that contain tumour-specific
promoters exploiting the presence of hTERT and survivin may offer potential for the
treatment of GBM. The TCGA dataset was used to evaluate the expression levels of these
mRNA expressions for survivin and hTERT in GBM compared to normal brains (GTex).
Figure 4A demonstrates that the mRNA expression of survivin is significantly higher
in GBM compared to normal brain tissue. hTERT expression levels are also significantly
higher in tumoral compared to healthy tissue (Figure 4B), supporting the reported literature.
We therefore evaluated whether survivin or hTERT promoters demonstrated elevated
selectivity of expression of a reporter gene in GBM-derived cells compared to human-
derived fibroblasts expressing CAR (HF-CAR cells). Two GBM patient-derived cell lines L0
and L1, as well as HFCARs, were transduced using HAdV-C5 vectors containing luciferase
under the control of either survivin, hTERT promoter or a fusion promoter that required
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both survivin and hTERT [40]. Cells were infected with 1000 vps/cell and luciferase activity
was evaluated 72 h post infection (Figure 4C). HFCARs demonstrated levels of transduction
that were barely above the background for all three adenoviral vectors. Conversely, when L0
and L1 were transduced efficiently by all three viral constructs containing tumour-specific
promoters, HAdV-C5.survivin was the most efficient for both GBM cell lines. Interestingly,
HAdV-C5.hTERT and HAdV-C5.hTERT/survivin demonstrated similar levels of luciferase
activity, indicating that the combination of both hTERT and survivin did not improve the
efficacy and may have hampered the effects when compared to survivin alone.

Figure 4. Evaluation of tumour-specific promoters hTERT and survivin. mRNA expression of
(A) survivin and (B) hTERT were compared for GBM vs. normal brain. The data were collated from
TCGA (tumour) and GTEx (normal) tissue and represent n = 153 and n = 1141, respectively. Statistical
significance was determined using the Mann–Whitney U test: **** p ≤ 0.0001. (C) Adenoviral
vectors based on HAdV-C5 (Ad5)-expressing luciferase under control of three different tumour-
specific promoters: survivin, hTERT and a combination of survivin and hTERT. The virus was added
to human-derived fibroblasts (HFCARs) and GBM-derived L0 and L1 cells at a concentration of
1000 vps/cell and luciferase activity was measured 72 h after infection. The data were plotted on a log
scale and represent the mean of triplicate values. Statistical significance was determined using the
Kruskal–Wallis test with Dunn’s multiple comparisons. Only significant values are shown: * p ≤ 0.05
and *** p ≤ 0.001.

4. Discussion

GBM is a common and aggressive brain cancer with poor prognosis and significant
unmet clinical needs. Oncolytic viruses have previously been evaluated for the treatment
of GBM and a recombinant herpesvirus, Teserpaturev, has been licensed for the treatment
of GBM in Japan [41]. Adenoviral vectors have demonstrated safety in clinical trials;
however, the presence of native adenoviral receptors has yet to be described in GBM [20].
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We have evaluated the expression of three well-described adenoviral receptors, CAR, CD46
and DSG2, in GBM compared to healthy brain tissue. The analysis of mRNA expression
indicated that all three receptors were expressed in GBM and healthy brains; however, CAR
and DSG2 were significantly upregulated in GBM. Adenoviral vectors such as HAdV-C5
and HAdV-B3 which use CAR and DSG2, respectively, could be utilised to target GBM via
local delivery into the tumour. It is important to consider whether the lack of specificity
may impact the healthy brain tissue surrounding the tumour.

We confirmed the expression of CAR, CD46 and DSG2 on the surface of patient-
derived GBM stem cell lines L1, E51 and E55. Both L1 and E51 were positive for CAR and
DSG2, whereas E55 expressed lower levels of CAR and was negative for DSG2. All three
cell lines express high levels of CD46. These data are consistent with the mRNA expression
levels reported in GBM. Native adenoviral receptors must be considered when engineering
oncolytic adenoviral therapies for GBM.

We assessed the transduction of GBM using HAdV-C5-based pseudotype vectors.
HAdV-C5 binds CAR via the engagement of the fibre knob protein. The fibre knob protein
of HAdV-C5 was replaced with the fibre knob proteins of HAdV-D26 (known to use sialic
acid), HAdV-B35 (binds CD46) and HAdV-D49 (receptor usage unknown [36,37,42]) to
generate HAdV-C5-pseudotyped vectors. These vectors were then used to determine
the transduction of these serotypes based on the fibre knob engagement. L1 cells were
transduced consistently by all vectors at every concentration of the virus. When the
concentration of the virus was reduced to 500 vps/cell, it was possible to determine
that HAdV-C5/D49K demonstrated the highest transduction. This was also observed in
E51 and E55 cells. Interestingly, HAdV-C5-pseudotyped vectors demonstrated improved
transduction compared to HAdV-C5 at all concentrations of the virus. This may result
from the availability of each receptor on the surface of the cells or additional factors such
as engagement of the co-receptors αVβ3 and αvβ5 integrin that mediate internalisation.
E55 cells express low levels of CAR; however, they demonstrate the similar transduction
of HAdV-C5 when compared with E51, which suggests that there may be enough CAR
present on the surface of these cells to mediate transduction. Differences between HAdV-C5
transduction in E51 and E55 may be discerned if a lower viral concentration is used. L1
and E55 cells were transduced with HAdV-C5 and HAdV-C5/B3K which engage DSG2 as
a cell entry receptor [23]. HAdV-C5/B3K has previously been reported as demonstrating
superior infectivity in glioma cells [43]. As previously demonstrated, HAdV-C5 was able
to transduce both cell lines efficiently. HAdV-C5/B3K demonstrated a dose-dependent
transduction in L1 cells; however, the transduction efficiency was lower than HAdV-C5.
Additional work is required to determine whether this is due to viral receptor usage or
the processing of the virus post entry. E55 cells were not efficiently transduced by HAdV-
C5/B3K, consistent with the lack of DSG2 on this cell line. Considering the transduction
data, HAdV-C5/D26K, HAdV-C5/B35K and HAdV-C5/D49K in particular appear to be
superior candidates for the pseudotype oncolytic virotherapy vector for GBM compared to
HAdV-C5 or HAdV-C5/B3K.

Finally, given the lack of selectivity of CAR, CD46 and DSG2 expression in GBM, we
considered the need for additional methods of intrinsic cellular selectivity when designing
oncolytic virotherapies targeting GBM. The use of a tumour-specific promoter, Glial fib-
rillary acidic protein (GFAP), has previously been described in a HAdV-C5 background
and demonstrated selectivity towards glial tumours [44]. We evaluated the post entry
selectivity of transgene expression mediated by tumour-specific promoters utilising the
tumour markers hTERT and survivin. mRNA analysis confirmed that both hTERT and
survivin were significantly upregulated in GBM compared to normal brain tissue; however,
the difference was more marked in the case of survivin. We designed three adenoviral
vectors, based on HAdV-C5, expressing luciferase under an hTERT promoter, survivin
promoter and a fusion hTERT and survivin promoter [40]. These vectors were used to
transduce GBM L0 and L1 cells as well as non-transformed human fibroblasts, HF-CARs.
As expected, the adenoviral vectors were not able express luciferase in the HF-CAR cells
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due to the absence of hTERT and survivin. Both L0 and L1 cells were efficiently transduced
by all three vectors; however, HAdV-C5.survivin was able to transduce these cells more
efficiently than the HAdV-C5.hTERT and HAdV-C5.hTERT/survivin fusion, suggesting
that survivin may be the most promising tumour-specific promoter for future therapeutic
applications in GBM both in terms of the quantity and the selectivity of transgene expres-
sion in GBM cell lines. The levels of survivin and hTERT were not evaluated in these
cells, and the levels could vary between patients; however, we have demonstrated that
these vectors can selectively express transgenes in GBM cells. Future work will include
developing therapeutics under the control of the survivin promoter for the treatment of
GBM, potentially coupled as part of an HAdV-C5/D49K-pseudotyped vector to maximise
the uptake and activity in GBM cells.

5. Conclusions

To conclude, we have evaluated the expression of well-described adenoviral vectors
in GBM. We identified that CAR, CD46 and DSG2 expression in GBM and patient-derived
GBM cells and GBM stem cells can be transduced by HAdV-C5-based adenoviral serotypes,
in particular HAdV-C5/D49K. Given the lack of natural GBM selectivity of adenoviral
receptors, we highlighted the need for additional selectivity and demonstrated that tumour-
specific promoters can enhance the specificity of GBM cells, where the survivin promoter
appears to be particularly well suited. These data inform the design of future oncolytic
adenoviral therapies expressing therapeutic transgenes for the treatment of GBM.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/v15051086/s1: Table S1: Promoter sequences inserted into Ad5 vector
expressing luciferase.
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Abstract: Adeno-associated virus (AAV) vectors are among the most widely used delivery vehicles
for in vivo gene therapy as they mediate robust and sustained transgene expression with limited
toxicity. However, a significant impediment to the broad clinical success of AAV-based therapies
is the widespread presence of pre-existing humoral immunity to AAVs in the human population.
This immunity arises from the circulation of non-pathogenic endemic human AAV serotypes. One
possible solution is to use non-human AAV capsids to pseudotype transgene-containing AAV vector
genomes of interest. Due to the low probability of human exposure to animal AAVs, pre-existing
immunity to animal-derived AAV capsids should be low. Here, we characterize two novel AAV
capsid sequences: one derived from porcine colon tissue and the other from a caprine adenovirus
stock. Both AAV capsids proved to be effective transducers of HeLa and HEK293T cells in vitro.
In vivo, both capsids were able to transduce the murine nose, lung, and liver after either intranasal
or intraperitoneal administration. In addition, we demonstrate that the porcine AAV capsid likely
arose from multiple recombination events involving human- and animal-derived AAV sequences. We
hypothesize that recurrent recombination events with similar and distantly related AAV sequences
represent an effective mechanism for enhancing the fitness of wildtype AAV populations.

Keywords: adeno-associated virus (AAV); novel serotype; porcine capsid; bovine capsid; luciferase
imaging; transduction

1. Introduction

AAV vectors are widely regarded as ideal candidates for in vivo gene therapy because
of their biology; they readily transduce a wide range of dividing and non-dividing cells,
they are replication-defective and their genomes reside episomally in transduced cells, they
are minimally immunogenic, they elicit sustained transgene expression, and they have a
strong safety profile [1]. However, because of the high prevalence of adenovirus infections
in the human population, there is a correspondingly high level of seropositivity against
AAVs of different serotypes [2]. This high rate of pre-existing immunity can limit the
usefulness of many human AAV serotypes, as this can potentially compromise transgene
expression by blocking transduction [3,4] and, in many cases, is an exclusion criterion for
clinical trials, particularly those in which the vector is to be delivered systemically [5,6]. To
circumvent this, recombinant AAV (rAAV) vectors may be altered by pseudotyping. In this
process, a vector can be packaged into the capsid of a heterologous AAV. For example, a
transgene flanked by AAV2 ITRs can be packaged into a capsid from bovine AAV [7,8]. The
result is an rAAV particle with a relatively low to nonexistent seroprevalence in a target
population, with the potential for vastly improved transduction efficiency. Since the capsid
determines tissue tropism, it is possible to alter the range of tissues targeted simply by
changing the vector’s capsid.
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Significant advancements have been made in the field of AAV capsid engineering us-
ing rational design, directed evolution, combinatorial libraries, and in silico reconstruction
of ancestral capsid variants [9]. These approaches have led to the development of capsids
that evade recognition by the anti-AAV antibodies typically found in the human population
and have enhanced transduction of target tissues of human origin. Another approach to
evading pre-existing immunity is to isolate AAVs from non-human species [10]. For in-
stance, AAVrh10 and AAVrh74 are recombinant vectors originating from rhesus macaques.
A survey of healthy adults revealed that 59% of individuals had detectable antibodies
against AAVrh10, and 21% had neutralizing antibodies [11]. Analysis of antibodies against
AAVrh74 in patients with Duchenne muscular dystrophy and limb girdle muscular dystro-
phy revealed that 83% were seronegative [12]. However, the isolation of novel AAVs from
more distant species could yield AAVs that are not neutralized by human sera. Animal
AAVs have been detected in canine, bovine, ovine, caprine, porcine, and avian species,
although when considering the prevalence of adenovirus in animal species, there remains
a wealth of as yet undiscovered AAV isolates [13–17]. As such, the purpose of this research
was to identify and isolate novel AAVs from animal tissues for use in the development of
new gene therapy vectors with low seropositivity in the human population.

2. Materials and Methods

Sources of samples. Fresh lung, liver, ileum, and distal colon samples from a range
of mammals were collected through a partnership with the University of Guelph Animal
Health Laboratory (AHL) post-mortem (PM) and bacteriology departments. Animals were
necropsied on site and sampled at the time of necropsy in the PM room. Samples which
were necropsied off site were sampled upon arrival to the bacteriology lab; however, only
exotic species not regularly seen in the PM room were taken from this source. Genomic
DNA from the colon of 164 healthy pigs, part of a study on sub-clinical infections and
biomarkers in Ontario swine, was also provided by the AHL bacteriology department.

DNA extraction—QIAGEN kit. Except for the porcine colon samples, DNA extractions
from all samples were performed using the QIAGEN DNeasy Blood and Tissue extraction
kit, following the animal tissue spin-column protocol described by the manufacturer. Briefly,
tissues were lysed by adding 25 mg of tissue to 180 μL of buffer ATL, as per the QIAGEN kit
protocol, with an overnight incubation at 56 ◦C after addition of 20 μL proteinase K. After
extraction, DNA was quantified using a NanoDrop 2000 (Thermo Scientific, Mississauga,
ON, Canada) and found to be, on average, 100 ng/μL.

DNA extraction—MagNA Pure robotic extraction. Porcine colon samples were ex-
tracted using the MagNA Pure extraction robot (Roche, Mississauga, ON, Canada). Tissues
were lysed by adding 100 mg of tissue to 900 μL of Tripure with 2 stainless steel grinding
balls (Montreal Biotech, Dorval, QC, Canada) and homogenized for 3 min at 30 hz using a
MM 300 mixer mill (Retsch, Newtown, PA, USA). Sample tubes were briefly centrifuged
to sediment large pieces of tissue, and 200 μL of supernatant was loaded into the MagNA
pure. The extraction was performed using the Roche DNA Isolation Kit I and the High-
Performance Blood Cells protocol on the MagNA Pure, with a 200 μL sample volume and
a 100 μL elution volume. After extraction, DNA was quantified using a NanoDrop 2000
(Thermo Scientific) and found to be, on average, 200 ng/μL.

Screening of genomic DNA for presence of AAV genomes by polymerase chain reaction
(PCR). A hemi-nested PCR reaction using degenerate primers was used to screen for AAV
genomes in the genomic DNA samples. This method was an adaptation of that employed
by Katano et al. (2004), implementing the use of a nested forward primer in a second PCR
reaction and allowing for the detection of the low concentrations of AAV DNA integrated
with a host genome [18]. Table 1 shows the PCR conditions and primers used for both
reactions. PCR Platinum Supermix (Invitrogen, Burlington, ON, Canada) was used as the
reaction master mix. The plasmid pDGM6 [8] containing the rep region of AAV2 and the
cap region of AAV6 were used as a positive control, and RNAse free water was used as a
negative control. Analysis of PCR products was performed by gel electrophoresis on a 0.8%
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agarose gel stained with ethidium bromide. The desired amplicon, containing the 3′ end of
the rep region and the 5′ end of the cap region, was 1500 bp (Figure 1). PCR products with
a band between 1400 and 1600 bp were selected as potential positive samples. For samples
with high levels of non-specific binding, the target band was excised and recovered using
the Direct-gel-spin DNA recovery kit (Applied Biological Materials).

Table 1. Primers and PCR conditions used for screening samples for the presence of AAV sequences.

Round 1—Initial PCR Round 2—Hemi-Nested PCR

Forward Primer 5′-ATGNTNATNTGGTGGGA GGA-3′ 5′-ACCTTNGAACACCAGCAGC-3′

Reverse Primer 5′-CCANNNGGAATCGCAATGCCAAT-3′

PCR Components 20 μL Platinum PCR Supermix 20 μL Platinum PCR Supermix
1 μL (2 μM) Primers (Each) 1 μL (2 μM) Primers (Each)
200 ng DNA 2 uL of PCR Product

PCR Conditions 94 ◦C—2 min 94 ◦C—2 min
94 ◦C—30 s × 40 cycles 94 ◦C—30 s × 30 cycles
55 ◦C—30 s × 40 cycles 55 ◦C—30 s × 30 cycles
72 ◦C—30 s × 40 cycles 72 ◦C—30 s × 30 cycles
72 ◦C—2 min 72 ◦C—2 min

Figure 1. Location of PCR primers used for detecting AAV sequences. Primers used for screening
genomic DNA samples were designed to amplify a 1500 base-pair amplicon, which consisted of the
3′ end of the rep gene and the 5′ end of the cap gene. Hemi-nested PCR using degenerate primers for
a highly conserved region of the genome allowed for the detection of low quantities of AAV DNA.

pGEM-T easy vector cloning of PCR products. PCR products of the correct size were
directly ligated into the pGEM-T easy vector (Promega), as per the manufacturer’s instruc-
tions, using 3.5 μL of PCR product with incubation at 4 ◦C overnight. After incubation,
4 μL of ligation reaction mixture was transformed into Escherichia coli GT116 competent
cells (InvivoGen), and plasmid DNA was extracted from cultures of isolated colonies using
the Plasmid DNA Miniprep Kit from Bio Basic.

DNA sequencing. Successful ligation was confirmed by digestion of the plasmid
extraction with EcoRI and analysis by gel electrophoresis. If bands were observed at
3000 bp and 1500 bp, representing the vector and insert, respectively, the plasmid extraction
was sent to the University of Guelph Advanced Analysis Center for Sanger sequencing
using the M13 forward and reverse primers (located ~60 bp upstream and downstream
from the vector insertion site).

Sequence analysis. Forward and reverse sequences were aligned in SeqMan Pro
(DNAStar) and the plasmid sequence was removed at the EcoRI cut sites flanking the
insertion. The generated consensus sequences for the entire amplicon and the rep and
cap regions individually were analyzed against the NCBI nucleotide database using the
BLAST Megablast algorithm. Analysis of recovered AAV isolates was performed using the
integrated bioinformatics software Geneious version R11 (Biomatters, Boston, MA, USA),
which was used for sequence manipulation, alignment with known sequences (ClustalW
algorithm), and development of phylogenetic trees (UPGMA algorithm). Geneious was also
used to generate and align protein sequences in order to analyze novel AAVs at the amino
acid level. The Dual Brothers recombination plugin for Geneious was used to analyze the
AAV.Po.Guelph capsid sequence for recombination events [19,20].

Cloning of the full-length porcine and bovine AAV capsids. The forward and degener-
ate reverse primers and PCR conditions used to amplify the full-length porcine and bovine
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capsid genes are shown in Table 2. Note that DNA samples were stabilized by the addition
of trehalose to a final concentration of 200 mM. PCR products were pGEM-Teasy cloned
and sequenced using universal T7 forward and reverse primers.

Table 2. Primers and PCR conditions used for amplifying full-length capsid genes for porcine and
bovine AAVs.

Round 1—Initial PCR Round 2—Hemi-Nested PCR

Porcine Capsid
Forward Primer 5′-ATGTCGTTTGTTGATCACC-3′ 5′-TTACAGGTTGCGGGTGAAGGTAGC-3′

Porcine Capsid
Reverse Primer 5′-TTACAGRTTRCGRGTRAGGTAGC-3′

PCR Components 20 μL Platinum PCR Supermix 20 μL Platinum PCR Supermix
1 μL (2 μM) Primers (Each) 1 μL (2 μM) Primers (Each)
200 ng DNA 4 μL of PCR Product

PCR Conditions 94 ◦C—2 min
94 ◦C—15 s
70 ◦C (−0.3 ◦C per cycle) 30 s 34 cycles
72 ◦C—2.5 min
94 ◦C—15 s
55 ◦C—30 s 14 cycles
72 ◦C—2.5 min
72 ◦C—5 min

AAV vector production and purification. HEK 293 cells were transfected utilizing
a PEI-based transfection protocol as previously described [21]. A four-plasmid system,
including plasmids encoding rep and helper functions, pMTRep6 [22] and pLadeno5 [23],
respectively, was used to generate AAV particles encoding the reporter gene human placen-
tal alkaline phosphatase (hPLAP) driven by the CAG promoter. This AAV vector genome
was encoded within plasmid pACAGAP [24]. A fourth plasmid encoding AAV.Po.Guelph
or AAV.Bov.Guelph capsids (pCAGαPo.GuelphCap, or pCAGαBov.GuelphCap) expressed
from a truncated CAG promoter [25] provided the capability of packing the AAV vector
genome into AAV.Po.Guelph or AAV.Bov.Guelph capsids, respectively. pCAGαPo.GuelphCap
and pCAGαBov.GuelphCap plasmids were constructed by digesting plasmid pCAGαeGFP [25],
as well as PCR products encoding AAV.Po.Guelph and AAV.Bov.Guelph, with EcoRI
and BglII (NEB, Whitby, ON, Canada). An optimized Kozak sequence was inserted in
front of the AAV.Po.Guelph and AAV.Bov.Guelph capsid open reading frames in order
to promote translation. The porcine and bovine capsid genes were cloned into the EcoRI
and BglII sites downstream of the CAGα promoter using the Capsid-EcoRI forward 5′-
GCGAATTCGCCACCATGTCGTTTGTTGATCACCC-3′ (where the bold text represents the
EcoRI restriction site and underlined text indicates the Kozak sequence) and Capsid-BglII
reverse 5′-GCAGATCTTTACAGATTGCGGGTAAGG-3′ (where the bold text indicates
the BglII restriction site and the underlined text denotes the stop codon) primers and
the pGEM-Teasy plasmid containing the full-length capsid gene as template DNA using
standard molecular cloning techniques.

To determine virus distribution in the cells and supernatant, 1.2 × 106 HEK293 cells
were plated in 6-well dishes and allowed to adhere overnight. Cells were transfected with
2 μg of AAV genome (pCASI-Luciferase), 2 μg of adenovirus helper plasmid (pAdΔF6),
and 2 μg of AAV helper plasmid (pAAV.Po.Guelph or pAAV.Bov.Guelph) using PEI (Poly-
sciences Inc., Warrington, PA, USA). Supernatant and cell lysate were harvested separately
on days 3 and 6 post-transfection, and vector DNA was extracted and quantified by Taqman
PCR as previously described [26] to determine the relative distribution of virions between
the two fractions. No significant differences were observed between vector distribution
in the supernatant or lysate on day 3 or 6 post-transfection for either AAV.Po.Guelph or
AAV.Bov.Guelph (Figure S1).

For iodixanol gradient purified vector preparations, cells and supernatant were pooled
and freeze–thawed three times at −80 ◦C to lyse cells and release virus particles. In

47



Viruses 2024, 16, 57

between freeze–thaw cycles, the cell lysate and supernatant were vortex mixed to facilitate
separation of the virus from cell debris. After completion of the freeze–thaws, lysate was
spun at 3000× g to pellet cellular debris, and supernatant was filtered through a Millipore
Stericup 0.22 μm filter (EMD Millipore, Etobicoke, ON, Canada). Benzonase nuclease
(≥500 units) (Sigma, St. Louis, MO, USA) was added to digest nucleic acids and help
reduce viscosity by treatment at 37 ◦C for 30 min. A 100 k Omega Centramate T-SERIES
0.019 m2 cassette (Pall Canada Direct Ltd., Mississauga, ON, Canada) was used in an
LV centramate holder to concentrate the supernatant from over 500 mL to approximately
25 mL, according to the manufacturer’s instructions. A 100 k Amicon Ultra-15 Centrifugal
Filter Unit (EMD Millipore) was used to further concentrate the sample to a volume of
approximately 5 mL. The concentrated sample was loaded onto an iodixanol gradient as
described previously [27] and ultracentrifuged at 41,000 rpm for 3 h at 4 ◦C in an SW41
rotor. The fraction containing the vector was harvested by puncturing the tube slightly
below (3–5 mm) the 60–40% interface with an 18-gauge needle (bevel up) attached to a
1 mL syringe [27]. A 100 k Amicon filter unit was used to exchange the iodixanol gradient
solution for HBSS.

Cell culture. HEK293 (ATCC® CRL-3216™), HEK293T (ATCC® CRL-3216™), HeLa
(ATCC® CCL-2™), HT1080 (ATCC® CCL-121™), PK-15 (ATCC® CCL-33™), BHK-21
(ATCC® CCL-10™), Vero (ATCC® CCL-81™), A549 (ATCC® CRM-CCL-185™), MDBK
(ATCC® CCL-22™), MDCK (ATCC® CCL-34™), NRLE, and Dulac cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 2 mm
L-glutamine. AML12 (ATCC® CRL-2254™) cells were supplemented with 10% fetal bovine
serum, 10 μg/mL insulin, 5.5 μg/mL transferrin, 5 ng/mL selenium, and 40 ng/mL
dexamethasone (insulin–transferrin–selenium (ITS-G); ThermoFisher, Mississauga, ON,
Canada). Primary culture bovine tracheal epithelial cells were established as previously
described [28]. Briefly, tracheas were obtained from market-weight cattle immediately
following slaughter. The tracheal mucosa was removed and incubated overnight at 4 ◦C
in phosphate-buffered saline wash solution containing 0.1% protease (Dispase, Invitro-
gen, San Diego, CA, USA), 0.1 mg/mL penicillin–streptomycin, 0.5 mg/mL gentamicin,
and 10 μg/mL amphotericin B. The following day, cells were harvested by scraping the
mucosal surface with a scalpel blade to release the epithelial cells. Cell viability was
assessed with trypan blue, and 3 × 105 viable cells were suspended in 1 mL of culture
medium consisting of DMEM and Ham’s F-12 medium (DMEM/F12), 5% sterile fetal
bovine serum, 0.1 mg/mL penicillin–streptomycin, 5 μg/mL amphotericin B, 0.5 mg/mL
gentamicin, 25 μg/mL bovine pituitary extract, 10 ng/mL epidermal growth factor, and 1%
insulin–transferrin–selenium (Sigma).

In Vitro transduction assay. Cells were plated in 12-well dishes at a density of
1 × 105 per well, and the next day, AAV vectors were added at an MOI of 20,000. Af-
ter 72 h, cell lysates were harvested using Passive Lysis Buffer (Promega, Madison, WI,
USA), and luciferase expression was quantified by luciferase assay (Promega) and normal-
ized by protein concentration determined by Bradford assay (Fisher Scientific, Mississauga,
ON, Canada).

Animal ethics statement. All experiments involving mice were approved by the
University of Guelph Animal Care Committee (AUP #3827) and conducted in accordance
with the Canadian Council on Animal Care (CCAC). Balb/c mice (Strain code 028) were
purchased from Charles River Laboratories, and after a one-week acclimation period, AAV
vectors were administered to mice at 6 weeks of age.

AAV administration in vivo. AAV vectors were produced by quadruple transfection as
outlined above and purified by iodixanol gradient centrifugation and further concentrated
using Amicon Ultra-15 centrifugal filter units. Six-week-old female Balb/c mice were
purchased from Charles River. Intranasal (IN) delivery was performed as previously
described [29]. Intraperitoneal (IP) injections were completed using a 27-gauge tuberculin
syringe, and vector was diluted in PBS to 100 μL. IV administrations were performed by
tail-vein injection using a 29-gauge needle with vector diluted in PBS to 100 μL.
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In Vivo luciferase imaging. Six-week-old Balb/c mice were administered 1 × 1011 vg
of AAV.Po.Guelph-Luciferase or AAV.Bov.Guelph-Luciferase by either IN or IP routes.
Mice were imaged using the IVIS Spectrum CT instrument 20 min following injection
with D-luciferin given IN or IP. Living Image version 4.7.3. software was used to quantify
luciferase expression.

Genbank accession numbers. The nucleotide sequences for AAV.Bov.Guelph (AAV.Bov.G-
1) and AAV.Po.Guelph (AAV.Po.G-1) capsid genes were submitted to Genbank with acces-
sion numbers OR759014 (AAV.Bov.G-1) and OR759015 (AAV.Po.G-1), respectively.

Statistics. All statistical analysis was completed by two-way ANOVA using GraphPad
Prism 7 software. All error bars represent standard deviation of the mean.

3. Results

3.1. Analysis of Porcine AAV Screening Amplicon

A total of 104 samples were screened for the presence of AAVs by PCR, the majority
which were porcine colon samples from animals that showed no outward signs of disease.
All other samples were from diseased animals submitted for necropsy. A summary of
these samples is found in Table 3. The 104 PCR screenings showed 51 positive samples
and included one canine, one hippopotamus, one equine, and the remainder porcine AAVs.
Analysis of a rep gene fragment derived from a screening product amplified from a porcine
colon sample showed 92% homology with the previously characterized porcine isolate
AAV.Po1 [30]. Furthermore, AAV.Po.Guelph contained a 15-base intergenic spacer between
the rep and cap fragments, shared by the AAV.Po1 clade, whereas the AAV2 clade contains
the 16-base intergenic spacer more commonly observed with human-derived AAVs.

Table 3. An overview of tissue samples collected for AAV sequence isolation.

Type of
Sample

Canine Feline Bovine Porcine Ovine Equine Exotic Total

Extraction
Method Qiagen Qiagen Qiagen MagNA

Pure Qiagen Qiagen Qiagen –

Number
Screened 10 4 8 74 2 3 3 104

Positive PCR
Screening 1 0 0 46 2 1 1 51

A high degree of similarity exists between the AAV.Po.Guelph isolate and previously
characterized porcine isolates for the first 413 base pairs (bp) of the capsid gene (Figure 2).
Alignment of DNA sequences containing this region from AAV.Po.Guelph, AAVpo2.1,
AAVpo4, and AAVpo6 demonstrated a high degree of conservation [31]. Overall, across
the entire capsid gene, AAVPo1 and AAV.Po.Guelph share only 65.1% nucleotide identity;
however, within this 413 bp segment, sequence identity was unusually high at 90.4%. This
was also true of the previously discussed AAVpo2.1, AAVpo4, and AAVpo6. These isolates
had a high degree of shared sequence identity with Po1 within the 413 bp region (90.4%)
but, overall, only shared 65% to 66% sequence identity with Po1. In addition, AAVpo2.1,
AAVpo4, and AAVpo6 demonstrated relatively high capsid gene shared sequence identity
with the AAV.Po.Guelph capsid, with 88.6%, 93.6%, and 87.7% sequence identity, respec-
tively (Figure 2A). On the other hand, another porcine isolate—AAVpo5—demonstrates a
much greater level of homology with AAVPo1, at 89% sequence identity, than it has with
any of the other capsids sequenced so far. A phylogenetic analysis using goose parvovirus
as the outgroup demonstrated a high degree of sequence similarity between AAV.Po.Guelph
and the human AAV2 capsid (Figure 2B). Interestingly, AAVPo1 and AAVpo5 cluster more
closely with AAV5 and AAVGo.1, suggesting a possible shared lineage.
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Figure 2. Alignment between the capsid sequences AAV.Po.Guelph, AAVpo6, AAVpo2.1, and
AAVpo4. (A) Green indicates 100% nucleotide identity between these four sequences, while yellow
indicates between 75% and 50% nucleotide identity. Red indicates 25% nucleotide identity. High
homology can be observed, particularly within the first 413 nucleotides. Sequences become far more
divergent towards the end of the cap gene. (B) Phylogenic tree showing the relative similarity of
various human and animal AAV capsid nucleotide sequences. Goose parvovirus is thought to be
related to adeno-associated virus and thus was used as the outgroup. Overall, AAV.Po.Guelph is most
similar to AAVpo4, and both share homology with AAVpo2.1 and AAVpo6. This group shares greater
similarity with human AAV serotypes than it does with the first porcine AAV capsid sequenced,
AAVPo1.
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When comparing AAV.Po.Guelph to the next most similar capsid sequence, AAVpo4, a
large number of amino acid changes were still observed [31,32]. A summary of the changes
is listed in Table 4.

Table 4. Changes in AAV.Po.Guelph relative to the next most similar AAV capsid, AAVpo4.

Change Position
Variable
Region 1

Role in AAV2 Capsid
(Govindasamy et al., 2006) 2

A to P 182 None NA
G to S 207 None NA
D to E 327 II (262–268) Transduction
Q to H 385 III (326–330) Transduction and A20 neutralization
A to Q 449 IV (449–468) HS and IVIG neutralization
G to N 450 IV (449–468) HS and IVIG neutralization
A to G 453 IV (449–468) HS and IVIG neutralization
T to S 461 IV (449–468) HS and IVIG neutralization
T to A 498 V (487–504) Transduction, HB, HS, and IVIG neutralization
R to K 500 V (487–504) Transduction, HB, HS, and IVIG neutralization
D to N 507 None NA
RKTV 529 VI (525–541) Transduction, HS, and IVIG neutralization
A to T 544 VII (544–556) A20, HS, and IVIG neutralization
S to G 582 VIII (579–594) HB, HS, and IVIG neutralization

1 AAV2 VP1 numbering. 2 A20, AAV2 capsid antibody; IVIG, intravenous immunoglobulin G; HB, heparin
binding; HS, pooled human sera. Variable region role based on description in Govindasamy et al., 2006 [33].

3.2. Numerous Recombination Events Have Occurred between Human AAVs and Animal-Derived
AAVs to Form AAV.Po.Guelph

Utilization of the Dual Brothers recombination plugin for Geneious facilitated the
detection of numerous putative recombination events. Several different tree topologies
were generated for different parts of the capsid gene (Figures S2 and S3). An analysis of
the full-length AAV.Po.Guelph capsid was performed to identify the probability of the
different topologies, showing that different topologies were favored in different regions of
the capsid sequence (Figure 3A). Analysis revealed that AAV.Po.Guelph has undergone
multiple recombination events with other distantly related AAV capsids, including those
of different human serotypes. In fact, a large proportion of the AAV.Po.Guelph sequence
appears to be derived from AAV2 or a related ancestor. A putative recombination may have
occurred at position 173, as the capsid sequence preceding this point shares high homology
with AAVPo1 (Figure 3A,B, region A, tree topology 5 (Figure S3).

Region B appears to have greater homology with AAVPo1, AAVGo.1, and AAV5,
as tree topology 4 (pink, Figure S2) suggests recombination with a possible ancestor of
these viral capsids. Region C shows high homology with AAV2, with the tree topology
probability approaching 100% for this area (tree topology 1, red, Figure S2). Within region D
(tree topology 3, blue, Figure S2), there did not appear to be significant homology with other
known distantly related AAV capsids to imply a possible recombination event, suggesting
that this is one region that drifted over time to better fit the host species. Region E (tree
topology 2, green, Figure S2) shows the most homology with AAV2, AAV13, and AAV3,
suggesting a possible recombination with an ancestral sequence to these serotypes. A high
probability exists for a putative recombination event that occurred between an ancestral
sequence to AAV.Po.Guelph and AAV2, as with region C (both in red, tree topology 1,
Figure S1). Alternatively, since so much of AAV.Po.Guelph has high sequence similarity
with AAV2 or related serotypes, AAV.Po.Guelph may have its origins in AAV2 or a related
sequence. Next, with region G, AAV.Po.Guelph once again appears to diverge from known
AAV sequences, although it appears that there may be some homology with AAV7 and
AAV8, suggesting a possible recombination with AAV7 had occurred and subsequent
genetic drift resulted in divergence from known capsid sequences. Once again, with region
I, it appears that high sequence similarity with AAV2 is shared, as was the case with regions
C and F, suggesting yet another possible recombination event or common evolutionary
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origin. Penultimately, region J shares much similarity with AAV8 (tree topology 6, yellow,
Figure S3), suggesting that another possible recombination event gave rise to this part of
the AAV.Po.Guelph capsid gene. Lastly, region K, like region E, shares similarity with
AAV2, AAV3, and AAV13, suggesting a possible recombination event that had occurred in
the past with an ancestor of these sequences.

Figure 3. Probability of various tree topologies for AAV.Po.Guelph as predicted by the Geneious Dual
Brothers recombination plugin. (A) The rectangular overlay above the tree topology probability graph
indicates the likely origin of the different sequence regions of the capsid. For specific color-coded tree
topologies (1 through 8), see Figures S2 and S3. (B) Description and location of topology regions A
through K indicating the likely lineage of specific capsid regions.
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3.3. AAV.Bov.Guelph Capsid Protein Is Highly Similar to the Bovine AAV Capsid

We obtained a caprine adenovirus isolate from the Animal Health lab, and using
our screening primers, we found it to be positive for AAV. The amplified PCR prod-
uct was highly similar to a previously characterized bovine AAV capsid sequence (Gen-
bank: AY388617.1), with only two amino acid changes distinguishing it from bovine AAV:
I124L and R499G. Although isolated from a caprine adenovirus stock, this capsid, named
AAV.Bov.Guelph, was found to be unrelated to the previously characterized caprine AAV,
AAVGo.1 (GenBank: AY724675.1).

3.4. AAV.Bov.Guelph Transduces Mammalian Cell Lines More Efficiently Than AAV.Po.Guelph

The in vitro transducing properties of AAV.Bov.Guelph and AAV.Po.Guelph were
evaluated in a panel of mammalian cell lines including HeLa, HEK 293T, RLE, HT1080,
PK-15, HEK293, BHK-21, Vero, A549, Dulac, MDBK, AML-12, MDBK, and polarized bovine
epithelial cells. The human AAV serotype 6 was included as a benchmark for in vitro
transduction performance, since AAV6 and AAV1 are considered among the best serotypes
for the transduction of a wide variety of cell types [34]. The panel of cell lines was highly
varied and consisted of several different species and cell types, including human-derived
cell lines HeLa (cervical cancer), HEK 293T (kidney), HT1080 (fibrosarcoma), HEK293
(kidney), and A549 (lung adenocarcinoma); porcine cell lines PK-15 and Dulac (both
kidney); a bovine kidney cell line (MDBK); and bovine polarized tracheal epithelial cells.
In addition, Vero cells (African green monkey kidney), MDCK (canine kidney), and rodent
BHK-21 (Syrian golden hamster kidney) and AML-12 (mouse liver) cells were also included
in the panel. Interestingly, when infected at the same multiplicity of infection (MOI),
AAV.Bov.Guelph demonstrated superior transduction in the majority of cell lines tested
compared to both AAV6 and AAV.Po.Guelph. AAV.Bov.Guelph showed relative luciferase
expression of at least an order of magnitude higher than AAV6 in many of the cell lines
tested, including HeLa, 293T, RLE, HT1080, HEK293, Vero, Dulac, and polarized bovine
trachea cells (Figure 4). In other cases, AAV.Bov.Guelph exhibited greater expression than
AAV6 but with less than a 10-fold increase. This was evident for PK-15, BHK-21, A549, and
AML-12 cell lines, with AAV.Bov.Guelph showing a modest improvement over AAV6 in
these lines. Interestingly, luciferase expression in MDBK bovine cells was lower than that
in human cell lines 293T, HeLa, and HT1080 for AAV.Bov.Guelph. However, this was still
at least an order of magnitude higher than AAV6 luciferase expression in this cell line. In
addition, AAV.Bov.Guelph transduced polarized bovine trachea cells, while neither AAV6
nor AAV.Po.Guelph was able to transduce these cells to any degree.

Figure 4. In vitro transduction profile of AAV.Po.Guelph, AAV.Bov.Guelph, and AAV6 in a panel
of mammalian cell lines. A total of 50,000 cells in a 24-well plate were transduced with AAV at an
MOI of 20,000, and 72 h post-transduction, cell lysate was harvested using passive lysis buffer and
luciferase expression was quantified via luciferase assay. Bradford assays were used to normalize
protein concentration. A two-way ANOVA was used to determine statistical significance.
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Overall, AAV.Po.Guelph was a poor in vitro transducer, even in porcine cell lines
PK-15 and Dulac cells. Notable expression for AAV.Po.Guelph was only observed for HeLa,
HEK 293T, HT1080, PK-15, and HEK 293 cells. Interestingly, most of these cells were human
derived, whereas no transduction was observed for any non-human cell line except for the
porcine PK-15 cells.

3.5. Analysis of AAV.Po.Guelph and AAV.Bov.Guelph Expressing Luciferase in Mice following
Intranasal Administration

AAV.Po.Guelph and AAV.Bov.Guelph expressing firefly luciferase were administered
to mice intranasally at a dose of 1 × 1011 vg. Luciferase expression in the lungs and the nose
was quantified on days 1, 3, 7, 14, 21, 28, and 56 after AAV administration (Figure 5). In
the lungs, both vectors resulted in peak luciferase expression on day 7 post-administration.
However, AAV.Bov.Guelph significantly outperformed AAV.Po.Guelph on days 3 to 21
post-administration, with its peak luciferase expression being almost 10-fold higher than
that of AAV.Po.Guelph (Figure 5A). In the nose, a similar pattern was observed, with peak
luciferase expression occurring on day 7 post-administration for both vectors. As in the
lungs, AAV.Bov.Guelph resulted in significantly higher luciferase expression in the nose as
compared to AAV.Po.Guelph from day 7 to 21 post-administration (Figure 5B). An in vivo
luciferase imaging system was used to visualize luciferase expression in the mice and
confirmed this trend (Figure 5C).

Figure 5. AAV.Po.Guelph and AAV.Bov.Guelph transduction of the mouse airway. A total of 1 × 1011

vg of AAV.Po.Guelph-Luciferase or AAV.Bov.Guelph-Luciferase was administered intranasally to
six-week-old female Balb/c mice (n = 4/group). Luciferase expression in the (A) lungs and (B) nose
was quantified on days 1, 3, 7, 14, 21, 28, and 56 after AAV administration. The dashed lines indicate
the background threshold. **** p < 0.0001, ** p < 0,01, and * p < 0.05. (C) Images from three days after
intranasal administration of AAV.
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3.6. Analysis of AAV.Po.Guelph and AAV.Bov.Guelph Expressing Luciferase in Mice following
Intraperitoneal Administration

To evaluate the transducing properties of AAV.Po.Guelph and AAV.Bov.Guelph ex-
pressing firefly luciferase when administered systemically, groups of mice (n = 4) were
intraperitoneally injected with 1 × 1011 vg of vector, and luciferase expression in the peri-
toneal cavity was quantified on days 14 and 28 post-administration (Figure 6A), with
the in vivo image obtained on day 28 shown (Figure 6B). No significant differences were
observed between vectors at either timepoint. Confirmation of the liver as the target organ
for these capsids was confirmed histologically (Figure S4).

Figure 6. AAV.Po.Guelph and AAV.Bov.Guelph in vivo transduction profile following intraperitoneal
administration. A total of 1 × 1011 vg of AAV.Po.Guelph-Luciferase or AAV.Bov.Guelph-Luciferase
was injected IP to BALB/c mice (n = 4/ group). (A) The luciferase signal (left lateral) was quantified
on days 14 and 28 after AAV administration. The dashed lines indicate the background threshold.
(B) Images demonstrating distribution of luciferase expression on day 28 after IP injection.

4. Discussion

Here, we describe the isolation of two novel AAV capsids from non-human species
and characterize their in vitro and in vivo transducing properties. The porcine AAV capsid,
designated AAV.Po.Guelph, appears to be the product of multiple recombination events
between both porcine and human AAVs, whereas AAV.Bov.Guelph was isolated as a
contaminant of a caprine adenovirus stock, demonstrating the potential for bovine AAVs
to infect caprine species.

As demonstrated by the numerous recombination events described herein, the AAV
capsid may readily undergo recombination. It has previously been shown that defects in
the AAV capsid may be complemented by a co-infecting AAV, as was the case when Bowles
and colleagues were able to rescue mutant AAV2 capsids with AAV3 [35]. Recombination
may be particularly advantageous in the case of the cap gene, where the exchange of genetic
material with other AAV species may yield novel capsid characteristics. Such characteristics
might include the ability to bind to heparin sulfate proteoglycan; the switching of epitopes
from one recognized by pre-existing antibodies to one that the host might be naive to;
changes in the ability to bind receptors or co-receptors, thereby resulting in novel cell or
tissue tropisms; and potentially other useful properties. A previous study investigating
the diversity of primate-derived AAVs has shown that even minor changes in the capsid
might lead to divergent serological reactivity or transduction efficiency [36]. Furthermore,
the authors concluded that homologous recombination is a powerful force shaping the
evolution and sequence diversity of AAV capsid sequences. The apparently frequent
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recombination events between human and porcine AAV capsids suggest recurrent co-
infection of porcine and human serotypes in the same cell. This likely occurs in pigs more
frequently than it does in humans since pre-existing immunity to AAVpo1 did not appear
to occur in pooled human sera [30], whereas porcine sera robustly prevented transduction
by all human AAV serotypes tested [37]. This suggests that the pig may be acting as a sort
of mixing vessel for various human and non-human AAV species and may represent a
treasure trove for the isolation of novel AAV capsid sequences.

In the case of AAV.Bov.Guelph, two amino acid changes differentiated it from bovine
AAV: I124L and R499G. The change from isoleucine to leucine conserves the non-polar
properties of isoleucine and thus would not be expected to have a substantial effect on
capsid protein folding. On the other hand, the change from the positively charged amino
acid arginine to glycine, an uncharged and relatively small amino acid, may influence the
local protein secondary structure. In addition, the arginine-to-glycine change occurs in
a variable region known to play a role in virus neutralization, heparin binding, and cell
transduction [33].

In vitro transduction assays using a panel of mammalian cells demonstrated AAV.Bov.
Guelph’s superior transduction properties in many commonly used cell lines including
HeLa, HEK293T, HEK293, and Vero. This was expected, as Schmidt et al. found that
the closely related bovine AAV was a strong transducer of HEK293T and HeLa cells [13].
In addition, AAV.Bov.Guelph demonstrated excellent transduction of respiratory tract-
derived cell lines RNLE, A549, and polarized bovine tracheal epithelial cells. The diversity
of transducible cell lines can be explained by their expected receptors. Schmidt and Chiorini
previously identified gangliosides as bovine AAV’s most probable receptor [38]. Given
how closely related AAV.Bov.Guelph is to bovine AAV, it is likely that gangliosides are
also AAV.Bov.Guelph’s receptor. Since gangliosides are ubiquitously expressed in all
mammalian cells, it is unsurprising that AAV.Bov.Guelph was able transduce the panel of
mammalian cells [39].

In vivo, AAV.Bov.Guelph delivered the luciferase gene efficiently to the lungs and
noses of mice after intranasal administration. Additionally, AAV.Bov.Guelph mediated
luciferase expression following intraperitoneal injection. Interestingly, when Pasquale et al.
used bovine AAV administered intranasally to deliver luciferase to mice, only modest
luciferase activity was observed [40]. They were able to significantly increase luciferase
expression by administering tannic acid prior to bovine AAV, which they attributed to
tannic acid’s ability to redirect AAV particles entering the transcytosis pathway to the
transduction pathway [41]. Given that AAV.Bov.Guelph was able to achieve moderate
luciferase expression without tannic acid, it is possible that the slight changes in capsid
amino acids could impact its ability to undergo the transduction pathway as opposed to
the transcytosis pathway; however, a head-to-head comparison of the two bovine capsids
is needed in order to draw any conclusions. Overall, AAV.Bov.Guelph may be a useful
capsid for respiratory tract directed gene therapy.

AAV.Po.Guelph possesses a four-amino-acid insertion at position 529 relative to
AAVpo4, starting with two amino acids with positively charged side chains, followed
by a polar amino acid, and ending with a non-polar amino acid. It is unclear what the
significance of this insertion might be, but the insertion occurs in a region implicated in
cell transduction, neutralization by pooled human sera, and neutralization by intravenous
immunoglobulin.

In vitro, AAV.Po.Guelph performed relatively poorly, with the highest transduction
observed in the human-derived cell lines HeLa and HEK293T and low to no transduction in
the rest of the cell lines tested. Its closest relative capsid-wise, AAVpo4, possessed a similar
transduction profile when tested on a panel of mammalian cells. Like AAV.Po.Guelph,
AAVpo4 did not significantly transduce MDCK, Vero, HEK293, or A549 cells but showed
strong transduction in the porcine retina cell line, VR1BL [42].

In vivo, AAV.Po.Guelph was able to transduce the lung, nose, and peritoneal cavity
of mice after intranasal or intraperitoneal administration. Higher luciferase expression
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was observed in the nose than in the lung. Interestingly, AAVpo4 also showed poor lung
transduction after intranasal administration [31]. AAV.Po.Guelph-mediated luciferase
expression was observed in the peritoneal cavity and was not significantly different from
AAV.Bov.Guelph-mediated expression. Bello et al. found that AAVpo4 can transduce
the liver efficiently [31], and histological images from AAV.Po.Guelph-administered mice
showed evidence of liver transduction. Indeed, most AAV serotypes show liver transduc-
tion when administered intravenously and intraperitoneally [43,44].

5. Conclusions

Overall, two novel capsids, AAV.Bov.Guelph and AAV.Po.Guelph, were identified.
Phylogenetic analyses were performed, and transduction profiles were established both
in vitro and in vivo. Future biodistribution studies should be performed to elucidate
specific capsid tropism, and these capsids should be compared to commonly used rAAV
capsids to evaluate their potential as novel gene therapy vectors.
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//www.mdpi.com/article/10.3390/v16010057/s1, Figure S1: Distribution of AAV.Po.Guelph and
AAV.Bov.Guelph vectors during production; Figure S2: Predicted phylogenic relationships between
AAV.Po.Guelph capsid and other AAV capsid isolates; Figure S3: Predicted phylogenic relationships
between AAV.Po.Guelph capsid and other AAV capsid isolates, continued; Figure S4: Alkaline
phosphatase expression in liver tissue mediated by AAV.Po.Guelph and AAV.Bov.Guelph vectors
following intravenous injection.
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Abstract: Gas-phase electrophoresis on a nano-Electrospray Gas-phase Electrophoretic Mobility
Molecular Analyzer (nES GEMMA) separates single-charged, native analytes according to the surface-
dry particle size. A volatile electrolyte, often ammonium acetate, is a prerequisite for electrospraying.
Over the years, nES GEMMA has demonstrated its unique capability to investigate (bio-)nanoparticle
containing samples in respect to composition, analyte size, size distribution, and particle numbers.
Virus-like particles (VLPs), being non-infectious vectors, are often employed for gene therapy appli-
cations. Focusing on adeno-associated virus 8 (AAV8) based VLPs, we investigated the response of
these bionanoparticles to pH changes via nES GEMMA as ammonium acetate is known to exhibit
these changes upon electrospraying. Indeed, slight yet significant differences in VLP diameters in
relation to pH changes are found between empty and DNA-cargo-filled assemblies. Additionally,
filled VLPs exhibit aggregation in dependence on the applied electrolyte’s pH, as corroborated by
atomic force microscopy. In contrast, cryogenic transmission electron microscopy did not relate to
changes in the overall particle size but in the substantial particle’s shape based on cargo conditions.
Overall, we conclude that for VLP characterization, the pH of the applied electrolyte solution has
to be closely monitored, as variations in pH might account for drastic changes in particles and VLP
behavior. Likewise, extrapolation of VLP behavior from empty to filled particles has to be carried out
with caution.

Keywords: AAV8; VLP; nES GEMMA; DMA; cryo-TEM; gene therapy

1. Introduction

Gene therapy alters the genetic information of an organism, replacing, supplementing,
or modifying its genomic profile to enable hereditary disease treatment, as lately reviewed
for hemophilia [1], for example. To convey new genomic information to a cell, cargo carriers
are necessary to shield nucleotides from the environment and achieve their targeted trans-
port. One possible carrier type is virus-like particles (VLPs), macromolecular assemblies
resembling their parent virus but no longer being infectious due to a lack of viral genomic
information [2]. Hence, VLPs can be engineered to encapsulate other genomic information
in question.

AAV are viruses of the genus Dependoparvovirus within the family Parvoviridae. They
are approximately 26 nm in size, non-enveloped, non-pathogenic, and endemic in humans
as well as several vertebrate species. To date, 13 serotypes have been identified in nature,
each with a different tissue tropism. The capsid comprises 60 copies of three types of
subunits: VP1, VP2, and VP3, arranged in a T = 1 icosahedral symmetry with a molar
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ratio of 1:1:10. Due to its small size, only 4.7 kb of single-strand DNA (ssDNA) can be
encapsulated [3].

In this work, we took an interest in adeno-associated virus serotype 8 (AAV8) mod-
ified to generate VLPs for gene therapy applications. AAV8 VLPs were provided in two
different preparations: (i) lacking any genomic cargo (i.e., an ‘empty’ VLP preparation),
and (ii) carrying a non-viral engineered genome (i.e., a ‘filled’ VLP preparation).

A possible technique for (bio-)nanoparticle characterization in general and AAV8 in
particular is gas-phase electrophoresis on a nano Electrospray Gas-phase Electrophoretic
Mobility Molecular Analyzer (nES GEMMA), also known as nES Differential Mobility
Analyzer (nES-DMA) [4]. This technique is based on the size separation of single-charged,
surface-dry analytes in the gas phase. Transfer of analytes from a liquid sample—a volatile
electrolyte solution is a necessary prerequisite for the technique—to the gas-phase is
achieved via a nES process, followed by drying of droplets and concomitant charge equi-
libration of particles in a bipolar atmosphere induced by, for example, a 210Po α-particle
source, a soft X-ray charger, or an alternating corona discharge process [5–8]. The majority
of particles lose all charges upon passage of the bipolar atmosphere and are not regarded
further, whereas a certain percentage of aerosolized analytes remains single-charged and
are introduced to the DMA unit of the instrumentation. There, two forces act on the par-
ticles during size separation. Firstly, analytes are transported via a high laminar sheath
flow of compressed, filtered ambient air through the DMA. At the same time, a tunable
electric field exerts a force on charged particles in an orthogonal direction. By variation
of the applied field strength and based on electrophoretic principles, only particles of a
corresponding surface dry particle diameter (electrophoretic mobility, EM diameter) have
the correct trajectory to continue to the detector unit of the instrument. There, particles are
counted after a nucleation process in a supersaturated atmosphere as they pass a focused
laser beam. This setup guarantees true particle-number-based detection of smaller-sized
sample components next to larger ones in accordance with the recommendations of the
European Commission (2011/696/EU, 18 October 2011, updated 2022) for nanoparticle
characterization. The same instrumentation is also known under several other names, e.g.,
nES-DMA, macroIMS, SMPS or liquiScan ES (e.g., [9,10]).

Since its first reference in the literature by Kaufman et al. in 1996 [4], gas-phase
electrophoresis has been applied for the characterization of a multitude of (bio-)nanoparticle
materials, such as viruses [11–13], VLPs [14–17], liposomes and lipoprotein particles [18–22],
extracellular vesicles [23–25], and organic and inorganic nanoparticles [26–28]. Frequently,
ammonium acetate is employed as an electrolyte solution for the nES process. However,
ammonium acetate is no buffer per definition (i.e., ammonium acetate solution), and
especially at neutral pH, it exhibits no buffering capacity. Hence, significant changes in pH
occur upon drying of droplets generated in the nES process, as reported by Konermann in
2017 [29]. We now took interest in the question how AAV8-based VLPs would behave to
such pH changes, focusing on a well-defined in-solution setup. Analyses were carried out
via gas-phase electrophoresis, and we corroborated our findings by atomic force microscopy
(AFM) and cryogenic transmission electron microscopy (cryo-TEM) as orthogonal analytical
techniques. All applied analytical techniques relate a pH dependency of AAV8 particles in
aqueous ammonium acetate.

2. Materials and Methods

2.1. Chemicals

Ammonium acetate (NH4OAc, ≥99.99%), ammonium hydroxide (ACS reagent), and
acetic acid (ACS reagent) were purchased from Sigma-Aldrich (Steinheim, Germany). The
electrolyte solution was prepared by dissolving 40 mM of ammonium acetate with water of
ultrahigh quality (UHQ) delivered by a Simplicity UV apparatus (18.2 MΩ × cm at 25 ◦C,
Millipore, Billerica, MA, USA). The solution was adjusted to different pH levels ranging
from 4.0 to 9.0 (with 1.0 step increase) with ammonium hydroxide or acetic acid. Lastly, the
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solution was filtered through a surfactant-free cellulose acetate membrane with 0.20 μm
pore size syringe filters (Sartorius, Göttingen, Germany).

2.2. Sample Description

Purified AAV8 VLP samples were provided by Baxalta Innovations GmbH (Orth/Donau,
Austria, part of Takeda). Two different batches were provided: (i) so-called empty AAV8
VLPs (3776 μg/mL, i.e., 7.3 × 1014 capsids/mL) with 97% of capsids not carrying any genomic
information, and (ii) so-called filled AAV8 VLPs (85 μg/mL, i.e., 1.6 × 1013 capsids/mL),
where 66% of all the capsids were carrying a genomic load. The percentage of capsid
filling was assessed via cryogenic transmission electron microscopy (cryo-TEM) by Baxalta
Innovations GmbH.

2.3. Sample Preparation

Buffer exchange against 40 mM NH4OAc at pH 7.0 was carried out by means of 10 kDa
MWCO centrifugal filters (polyethersulfone membrane from VWR, Vienna, Austria). After
three repetitions of spin filtration at 9000 g each, the retentate (approx. 10 μL in volume)
was reconstituted in a pH-adjusted electrolyte solution (i.e., ranging from 4.0 to 9.0) to
yield 22 μg/mL and 8.5 μg/mL final concentration for empty and filled AAV8 VLPs,
respectively. Before analysis, the samples were further diluted to yield 250–300 particle
counts for the signal at 25 nm at pH 7.0 with nES GEMMA. The respective dilution ratio
was then employed for AFM and cryo-TEM analysis.

2.4. Instrumentation

nES GEMMA analyses were carried out on a TSI Inc instrument (Shoreview, MN,
USA), which consisted of a nanoelectrospray charge reduction source unit (model 3480)
equipped with a 210Po charge equilibration device, an electrostatic classifier control unit
employing a nano differential mass analyzer (nano DMA; model 3080) and an n-butanol
driven ultrafine condensation particle counter (CPC; model 3025A) for AAV8 VLP detection.
The nES unit is equipped with a 24 cm long polyimide-coated fused-silica capillary with an
inner diameter of 25 μm (Molex, Lincolnshire, IL, USA). The capillary is manually cut and
tapered with a home-built grinding machine based on the work of Tycova et al. [30].

Nanoparticle separation and detection were achieved with the following settings: the
filtered airflow on the nES generator was set to 1.6 × 10−5 m3/s (1 L per minute, Lpm), the
CO2 gas flow to 1.6 × 10−6 m3/s (0.1 Lpm, 99.5% from Messer, Gumpoldskirchen, Austria)
and the differential capillary pressure at 27.58 kPa (4 pounds per square inch differential,
PSID). Capillary conditioning was performed by pre-spraying each sample for at least
3 min before starting the measurement. Capillary rinsing was performed by infusing the
electrolyte solution until the signal from the previous sample was no longer detectable. The
sample was infused at a flow rate of 70 nL/min. The capillary tip voltage was set to have a
stable Taylor cone (approx. 2 kV voltage and −380 nA current). The electrostatic classifier
was set in automatic scanning mode (up scan time 120 s, retrace time 30 s) with a sheath gas
flow rate of 2.5 × 10−4 m3/s (15 Lpm), which yielded a range of measurable EM diameters
between 1.95 nm and 64.9 nm. A total of 10 scans for each sample were used to generate a
median spectrum. Mathematical and statistical calculations on the nES GEMMA spectra
were made with the software OriginPro ver. 2021 (OriginLab Corporation, Northampton,
MA, USA).

AFM experiments were carried out on a NanoScope VIII Multimode SPM instrument
(Bruker, Bremen, Germany) using silicon cantilevers with integrated silicon tips (model
NCHV from Bruker, resonance frequency: 320 kHz, L = 125 μm, k = 42 N/m). The images
were acquired in tapping, constant amplitude mode at a scanning rate of 1.99 Hz over a
scan area of 5 and 1 μm2.

The homogeneity of the mica platelet was tested prior to sample analysis. Subse-
quently, 10–20 μL of sample (5–20 μg/mL solutions) were spotted on the platelet’s surface
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at room temperature. The sample was allowed to adsorb for 5 min undisturbed before
being gently rinsed with UHQ water and dried with nitrogen gas (outlet pressure 350 kPa).

Lastly, the AFM images have been analyzed by NanoScope Analysis 1.5 software
(Bruker, Santa Barbara, CA, USA). Longitudinal and medial plane sections were used to
generate profiles of the imaged particles.

Cryo-TEM samples were prepared using Quantifoil (Großlöbichau, Germany) Cu
200 mesh R2/2 holy carbon grids which were glow discharged for 60 s at −25 mA with a
Bal-Tec (Balzers, Liechtenstein) SCD005 glow discharger. Grids were mounted on forceps
and loaded into a Leica GP (Leica Microsystems, Vienna, Austria) grid plunger with
the climate chamber set to 4 ◦C and 75% relative humidity. Sample aliquots of 4 μL
were applied to the carbon side of the grid and front-side blotted for 2 s with Whatman
filter paper #1 (Little Chalfont, Great Britain) and plunge frozen into liquid ethane at
approximately −180 ◦C for instant vitrification. Cryo-samples were transferred to a Glacios
cryo-transmission microscope (Thermo Scientific, Waltham, MA, USA) equipped with a
X-FEG and a Falcon3 direct electron detector. The microscope was operated in low-dose
mode and digital images were recorded using the SerialEM software [31] and the Falcon3
camera in linear mode at a defocus of −6 μm and 36,000 fold magnification corresponding
to a pixel size of 4.124 Å.

2.5. Cryo-TEM Particles Diameter Determination

Individual VLP particles were picked manually from suitable cryo-TEM micrographs
and their coordinates were saved as model points using the open-source IMOD processing
tool [32]. The particle models were used for alignment and 2D averaging with the Particle
Estimation for Electron Tomography (PEET) software, an open-source tool typically used
for 3D subtomogram averaging [33,34]. Unbiased diameter determination was achieved by
an in-house ad hoc developed Python script (see Supporting information), able to generate
3D graphs from the 2D images; by plotting correlating grey values of each (x,y) image’s
pixel coordinates. The 3D graphs can be sectioned and exported at different height levels.
For each sample, three sections at different levels were extracted. At last, the data points
contained in the sections were imported to OriginPro software (ver. 2021), where a circle
fitting function was applied to determine the diameter of the particle.

3. Results

Our article aims to expand the knowledge concerning the characteristics and behav-
ior of AAV8-based VLPs suspended in electrolyte solutions at different pH levels. nES
GEMMA technology is used as main analytical technique. As previously introduced, nES
GEMMA can be easily employed to analyze viruses and deliver robust, high-throughput,
and cost-effective analyses. Moreover, orthogonal analytical techniques such as AFM in
tapping mode and cryo-TEM have been applied to corroborate our results obtained from
gas-phase electrophoresis.

As already demonstrated in our previous work [35], nES GEMMA can discriminate
between VLPs either carrying or lacking genomic information for the two individual
sample types (Figure 1A). The small, albeit critical, difference in EM diameter between
the two VLP preparations originates from the presence, or absence, of an encapsulated
cargo (i.e., the genomic material). The discrimination is possible due to the operating
conditions of nES GEMMA analysis, which induce evaporation of the hydrodynamic layer
surrounding the particles, thus yielding surface-dry analytes. However, the surface drying
effect seemingly propagates across the proteinaceous layer of the capsid to its core, as the
VLP EM diameter is affected by the content of its cargo. Two possible outcomes can be
surmised: in the presence of a payload, the particles mostly retain their original shape
thanks to stabilizing forces emerging from protein-genome interactions. In the absence of a
genomic load instead, a higher degree of deformation is allowed, thus making the particles
more flexible and detectable at smaller EM diameters.
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Figure 1. nES GEMMA analysis of empty and filled VLP preparations. (A) Gaussian fitting overlay
of empty (blue trace) and filled (red trace) VLPs at pH 7. (Adapted from Zoratto et al., 2021 [35])
(B) EM diameter changes of empty (empty blue hexagons) and filled (filled red hexagons) VLPs
according to pH levels (n = 6 analyses per pH level, average EM diameters and standard deviations
are depicted, p < 0.0001).

A mandatory step for nES GEMMA includes the exchange of the original sample
buffer to a volatile electrolyte solution. This drastically reduces non-volatile components,
which hinder correct and accurate particle EM diameter determination. More details
can be found in previous works [36,37]. To some extent, either for nES GEMMA or for
ESI MS analysis, aqueous ammonium acetate is applied in that context. However, it has
to be considered that ammonium acetate droplets might undergo drastic pH changes
upon evaporation, as discussed by Konermann in detail [29]. Thus, we took an interest
in investigating the effects of different pH levels on VLP preparations, either carrying a
genomic cargo or not, and both suspended in aqueous ammonium acetate. Results are
displayed in Figures 1B and 2A, respectively.

Figure 2. Behavior of VLP preparations at different pH levels. (A) Normalized particle counts
detected via nES GEMMA for empty (blue columns) and filled (red columns) preparations at different
pH levels (n = 6 measurements; average values and standard deviations are depicted; values at a
corresponding pH are related to particle counts at pH 4 for empty VLPs and pH 9 for filled VLPs).
For filled VLPs a decline in particle numbers with decreasing pH is observed in contrast to empty
particles. (B) AFM analysis of filled VLPs at pH 5; (i) the analyzed area shows monomers and two
aggregate clusters; (ii) magnification of the white dotted area in (i). **** p < 0.0001.
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3.1. AAV8 VLPs in Aqueous Ammonium Acetate at Different pH Targeted by
Gas-Phase Electrophoresis

Thanks to their distinct size differences, VLP preparations, either carrying or lacking
cargo, can be easily discriminated (p < 0.0001, Figure 1B). In detail, filled VLPs have a
constant higher EM diameter, and show a minimal downward trend towards a smaller
EM diameter for alkaline pH. For empty VLPs instead, a sharper pH-dependent trend
towards a smaller EM diameter is observed. Reasonably, pH-driven protein modification
alters capsid’s structural stiffness in both VLP preparations, but empty ones are again
more affected.

In addition, below a physiological pH level, a significant contrast in the number
of detected particles between filled and empty VLP preparation is noticed (p < 0.0001,
Figure 2A). A high detection yield for empty VLPs confirms that nES GEMMA capabilities
are not hindered in an acidic working environment; hence, the observed difference for
VLP preparations is sample-dependent. The unique behavior demonstrated by filled VLPs
is of great importance, both for VLP analysis and in the biopharmaceutical field during
manufacturing steps. In vivo, viruses commonly hijack the cellular uptake mechanism
to infect the cells. A number of them take advantage of the acidic environment of late
endosomes and endolysosomes to shed their proteinaceous layer to deliver their naked
viral load directly into the cytoplasm. Other viruses instead—AAV8 included—need to
survive and accomplish endosomal escape intact in order to complete the infection [38,39].
Therefore, it is unlikely that bionanoparticles depletion is caused by viral uncoating. More-
over, capsid fragments would be detected at EM diameters below 25 nm; still, the nES
GEMMA signals in this region are negligible and comparable to empty VLP preparations
at comparable pH levels. Another viable option is aggregation, where filled VLPs at acidic
pH generate clusters outside the operating range of nES GEMMA. To investigate this claim,
filled VLPs in acidic conditions have been analyzed via AFM. In fact, VLP aggregates
sized >200 nm are clearly visible in the AFM images (Figure 2B(i)). AFM images at higher
magnification (Figure 2B(ii)) clearly show aggregate species stemming from monomeric
particles. Longitudinal and medial sections of the imaged species match profiles fitting
25 nm monomeric particles (Supporting information, Figure S1). It is of note that particle
aggregation yielding such large assemblies cannot be followed by the applied nES GEMMA
setup. Furthermore, it has to be stressed that the resulting pH-dependant aggregation is
partially reversible as adjusting the pH back to a neutral value restores the corresponding
monomer peak in nES GEMMA measurements (Supporting information, Figure S2).

As demonstrated, the presence or absence of an encapsulated cargo significantly alters
the capsid’s structural characteristics. The novel behavior observed in filled VLPs addition-
ally shows aggregation once exposed to acidic conditions. This pH-driven phenomenon
is likely caused by a newly acquired feature linked to an increase in the capsid-to-capsid
adherence with or without DNA mediation, and might be caused by fine capsid’s struc-
tural changes. Although nES GEMMA can determine particles’ diameter with both high
accuracy and precision with high sample throughput times and good statistics, it can only
partially infer the shape details of the sample. For this purpose, analytical techniques
capable of imaging at near-atomic levels, such as cryo-TEM, are more fitted, although very
time-consuming. Therefore, VLP preparations at both pH extremes (i.e., pH 4 and 9) have
been analyzed with cryo-TEM technology to investigate if any distinct features would arise
between samples (Figure 3).

3.2. Cryogenic Transmission Electron Microscopy (cryo-TEM) of AAV8 VLPs

Cryo-TEM RAW images have low signal-to-noise contrast between the investigated
material and the background. Hence, averaging with software is necessary to increase
contrast and highlight the sample’s characteristics. In our work, we employed the Particle
Estimation for Electron Tomography (PEET) open-source software to catalog, align, and
average hundreds of particles per sample (Figure 3A). Originally designed as an averaging
program for 3D tomograms, we used it for 2D averaging. To ensure a reliable, biased-free
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diameter determination, the averages generated by PEET were processed via a Python
script written in-house (included in the Supporting information), where sections at different
height were extracted. The data points included in these sections were later fitted with a
circle function via the OriginPro (ver. 2021) software. This workflow, providing unbiased,
reliable data for PEET-generated cryo-TEM images of VLPs, is summarized in Figure 4 and
could be applied to images generated from different analytical techniques.

Figure 3. Cryo-TEM analysis of empty and filled AAV8 VLPs. (A) AAV8 VLPs filled at pH 4 (i) and
pH 9 (ii), and empty at pH 4 (iii) and pH 9 (iv) after 2D averaging. (B) Particles’ diameter determined
via Python script from the aligned particles showed in (A). Black bar equals 10 nm.

Figure 4. Workflow scheme from cryo-TEM analysis to biased-free diameter determination. In
the last tile, the magenta circle represents the fitted function applied to the black data points. Red
data points are instead excluded from the fitting process.

Visual comparison of the PEET-generated Cryo-TEM images show remarkable struc-
tural differences (Figure 3A). Within the filled VLP preparation, the sample at pH 4
(Figure 3A(i)) shows a well-defined icosahedral capsid’s structure with regular, straight
edges, and clear vertices; at pH 9 (Figure 3A(ii)) the same characteristics are instead less pro-
nounced. Whereas in the empty VLP preparation, regardless of the pH value, the capsid’s
structure appears smoother, rounder, and slightly smaller (Figure 3A(iii,iv)). Anticipated
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by nES GEMMA results, and now corroborated by cryo-TEM images, the particle’s shape
is linked with the presence or absence of an encapsulated cargo, and this could affect the
capsid’s interactions at the macromolecular scale.

Diameter determination results in filled VLPs exhibiting larger diameters than empty
ones, in agreement with nES GEMMA observations (p < 0.001, Figure 3B). Moreover, new
information about the sample’s characteristics can be inferred. In detail, empty VLPs report
identical diameter values regardless of the solvent’s pH, which is contrary to the downward
trend observed with nES GEMMA. In hydrated conditions, regardless of the pH, empty
VLPs maintain a constant size and shape. Filled VLPs instead show a small diameter
variability between pH conditions, probably due to the sharper contours as reflected in the
imaged particles (Figure 3A(i,ii)). Nonetheless, this slight visual and diameter difference
does not provide any functional proof to explain the observed aggregation behavior.

4. Discussion

In this study, we demonstrated the feasibility of nES GEMMA to discriminate, detect,
and characterize novel behaviors of AAV8-based VLP preparations analyzed with nES
GEMMA-compatible electrolyte solution adjusted to different pHs. Moreover, to observe
the VLP preparations in their hydrated native state, cryo-TEM analysis was performed.

Results from nES GEMMA of the two VLP preparations show peculiar, unique char-
acteristics. Filled VLPs report limited EM diameter deviation across the different pHs,
but detection efficiency is hindered in acidic conditions. Instead, the particle detection
efficiency of empty VLPs is unperturbed by the electrolyte’s pH, but pH-depended EM
diameter variability is observed.

Results from PEET-based cryo-TEM images highlight the structural differences be-
tween the two VLP preparations. Moreover, the developed method for biased-free diameter
determination via cryo-TEM confirms size-specific differences between empty and filled
VLP preparations as observed with nES GEMMA. However, within VLP preparations, pH-
dependent variation is observed, contrasting nES GEMMA results—specifically, a constant
diameter for empty VLPs and a variable one for filled VLPs. One hypothesis to explain
the discrepancy observed between nES GEMMA and cryo-TEM resides in the different
working environments of these techniques. In nES GEMMA, the particles are sorted and
classified in a solvent-free environment and are in a surface-dry state. Consequently, empty
VLPs, lacking an encapsulated cargo, collapse due to structural stress caused by solvent
evaporation. Likely, the solvent’s pH alters protein conformation, which translates to dif-
ferent degrees of structural stability or stiffness. Therefore, labile structures are detected at
smaller EM diameters. Instead, filled VLPs remain unaffected, thanks to the incompressible
characteristics of their payload. On the contrary, in cryo-TEM, the VLPs are analyzed in
a solubilized native state. Indeed, empty VLPs are not subjected to structural stress from
solvent evaporation, and maintain their original form. Filled VLPs instead show a slight
difference between the two pH extremes. The origin of this difference is as yet unclear.
Putatively, and in addition to pH-induced changes at the protein level in acidic conditions,
an osmotic pressure difference is generated at the semipermeable membrane level (i.e.,
proteinaceous capsid layer) caused by the negative charges of the genomic cargo. Hence,
solvent intake is favored to equilibrate the osmotic pressure, causing the particle to swell.

In acidic conditions, nES GEMMA reveals a steep decrease in particle counts for
filled VLPs, while empty ones are unaffected. Indeed, AFM analysis of filled VLPs in
acidic conditions confirmed our hypothesis: the lower particle count was due to particle
aggregation. Although nES GEMMA’s working range of detection could be expanded, the
heterogeneity of these clusters impedes their detection without an upstream enrichment
technique, as observed in previous work [36]. Aggregation could be explained by the shape
of the particles, highlighted by cryo-TEM-based PEET averaged images. The well-defined
capsid faces of filled VLPs might provide the infrastructure for non-covalent capsid-to-
capsid interaction, thus supporting aggregation. However, since no aggregate formation
was observed in cryo-TEM averages, it suggests that the onset of aggregation requires
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further contributing factors. Once again, the critical factor might lie in the different working
environments, dry in both nES GEMMA and AFM, and wet (i.e., plunge frozen in a solvent)
for cryo-TEM. Putatively, if aggregation is promoted in a dry environment, it might be an
evolutionary adaptation of AAV to increase viral infection transmission efficiency through
airborne routes.

The results presented in this study demonstrate the feasibility and resilience of nES
GEMMA as a method of analysis for AAV Serotype-8 VLP preparations across different pH
levels. This is of great importance, especially in overseeing the different phases of a drug
production process, where simple, reliable, and inexpensive control is often sought.

The results observed via AFM and cryo-TEM analysis provided complementary in-
formation to investigate the behavior observed with nES GEMMA when filled VLPs are
exposed to acidic pH. AFM reveals the formation of heterogeneous aggregate products that
could not be directly targeted with nES GEMMA but whose presence could be inferred by
the significant drop in particle counts in the EM diameter range characteristic of VLPs in a
monomeric state. Initially employed to investigate particle aggregation, cryo-TEM analysis
did not confirm cluster formation observation. However, its extreme magnification power
provided valuable information, and its application will propel future development toward
the characterization of VLPs.

To conclude, the developed method and analytical approaches presented in this study
provided new insight and possible applications for both the scientific and the biopharma-
ceutical field. The observations herein open several discussion points, encouraging further
studies to investigate such valuable drug-delivery vectors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15061361/s1, Figure S1: AFM analysis of filled VLPs at pH 5; Figure S2:
nES GEMMA reversibility experiment of a filled VLP preparation; Python script to extract a planar
section from the cryo-TEM 2D averaged images.
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Abstract: Patients with stage IV gastric cancer suffer from dismal outcomes, a challenge especially
in many Asian populations and for which new therapeutic options are needed. To explore this
issue, we used oncolytic reovirus in combination with currently used chemotherapeutic drugs
(irinotecan, paclitaxel, and docetaxel) for the treatment of gastric and other gastrointestinal cancer
cells in vitro and in a mouse model. Cell viability in vitro was quantified by WST-1 assays in
human cancer cell lines treated with reovirus and/or chemotherapeutic agents. The expression of
reovirus protein and caspase activity was determined by flow cytometry. For in vivo studies, athymic
mice received intratumoral injections of reovirus in combination with irinotecan or paclitaxel, after
which tumor size was monitored. In contrast to expectations, we found that reoviral oncolysis was
only poorly correlated with Ras pathway activation. Even so, the combination of reovirus with
chemotherapeutic agents showed synergistic cytopathic effects in vitro, plus enhanced reovirus
replication and apoptosis. In vivo experiments showed that reovirus alone can reduce tumor size
and that the combination of reovirus with chemotherapeutic agents enhances this effect. Thus, we
find that oncolytic reovirus therapy is effective against gastric cancer. Moreover, the combination
of reovirus and chemotherapeutic agents synergistically enhanced cytotoxicity in human gastric
cancer cell lines in vitro and in vivo. Our data support the use of reovirus in combination with
chemotherapy in further clinical trials, and highlight the need for better biomarkers for reoviral
oncolytic responsiveness.

Keywords: reovirus; oncolytic virus; oncolytic viral therapy; Ras pathway; chemotherapy

1. Introduction

Nearly one million cases of gastric cancer are diagnosed worldwide each year, with
the highest incidence occurring in eastern Asia, parts of South America and eastern Europe.
Gastric cancer is the second most common cause of cancer-related death worldwide, with
around 700,000 deaths a year. In the US, more than 20,000 new cases of gastric cancer and
10,000 deaths occur annually [1]. Survival of patients with gastric cancer is substantially
worse than that of patients with most other solid malignancies. The only current treatment
that offers potential cure is complete resection of the tumor [2]. However, after complete
resection alone, patients who are shown to have extensive lymph node involvement on
surgical pathology specimens have a 5-year survival of only 7% [3]. Recently, the use of
chemotherapy such as cisplatin, irinotecan, paclitaxel, or docetaxel for gastric cancer has
yielded some improvements in outcome, but the beneficial effects are still modest and there
is a real need for new therapeutic strategies [4]. It is possible that oncolytic virus therapy
may be useful in this context, and perhaps especially so for viruses that proliferate in the
gastrointestinal tract.

Human reovirus is a ubiquitous, non-enveloped virus containing 10 segments of
double-stranded RNA (dsRNA) as its genome, with infections that are generally mild,
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restricted to the upper respiratory and gastrointestinal tracts, and often asymptomatic [5].
Reovirus has innate oncolytic potential in a wide range of murine and human tumor
cells, and this is at least partly dependent on the transformed state of the cell [6,7]. The
precise mechanism of reoviral tropism and selective oncolysis in malignant cells is yet
to be fully determined. In normal cells, the presence of an intact double-stranded RNA-
activated protein kinase system limits the establishment of a productive reoviral infection.
In malignant cells with an activated Ras pathway, it has been suggested that either directly
through Ras mutation or indirectly via upregulation of epidermal growth factor receptor
(EGFR) signaling or of other signaling components [5,8–11], this cellular antiviral response
mechanism may be perturbed, viral replication enhanced, and subsequent lysis of the host
cancer cell facilitated. The modulation of other pathways that regulate viral attachment,
penetration, uncoating, assembly, and propagation further influence the efficiency of viral
oncolysis (see below).

Thus, reovirus is considered a promising candidate for oncolytic virus therapy and
Phase II and III clinical studies are underway (oncolyticsbiotech.com (accessed on 5 June
2023)) for multiple tumor categories, and an orphan drug designation has recently been
approved by the FDA for the use of reovirus in the treatment of gastric and certain other
cancers [12]. While monotherapy with oncolytic reovirus has been explored, most current
efforts use reovirus or other oncolytic viruses such as herpes virus in combination with
chemotherapy or radiotherapy in preclinical or clinical studies to potentially increase
treatment efficacy for various malignancies [13–18]. For example, several studies have
suggested that reovirus, in combination with paclitaxel against lung cancer and with
cisplatin against melanoma, may have synergistic antitumoral effects [19,20]. However,
so far there have been few reports of oncolytic reovirus and combination therapy against
gastric cancer in preclinical animal models [21]. Here we show that oncolytic reovirus
therapy is effective against gastric cancer xenografts in a mouse model, and that the
combination of reovirus and chemotherapeutic agents paclitaxel and irinotecan has clear
synergistic benefits.

2. Materials and Methods

2.1. Cells and Virus

Human gastric cancer cell lines (KATOIII, SNU16, AGS, NCI-N87, Hs746T) and human
colon cancer cell lines (HCT116, HT-29) were obtained from the American Type Culture Col-
lection (ATCC; Rockville, MD, USA). Other human gastric cancer cell lines (MKN1, MKN7,
MKN45, MKN74, HGC-27, GCIY) were obtained from the Cell Bank, RIKEN BioResource
Center (Kyoto, Japan). Another human gastric cancer cell line (FU97) was obtained from
the Health Science Research Resources Bank (Japan), and ISt-1 was a gift from Dr. Masanori
Terashima. All cell lines were tested and free of mycoplasma contamination. The Dearing
strain of reovirus serotype 3 (a gift from P. Lee, Dalhousie University, Halifax, NS, Canada)
was propagated in suspension cultures of L929 cells (from ATCC) and purified according
to previously established methods [8,9] with the exception that β-mercaptoethanol was
omitted from the extraction buffer. Viral titers were also established using L929 cells [9].

2.2. Chemotherapeutic Agents

Irinotecan (Mayne Pharma, Raleigh, NC, USA), Paclitaxel (Hospita, Canada), and
Docetaxel (Taxotere®; Sanofi Aventis, Bridgewater, NJ, USA) were kindly provided by
Dr. Aru Narendran, University of Calgary. These agents were diluted with the respective
medium just before use for in vitro studies and with phosphate-buffered saline (PBS) for
in vivo studies.

2.3. Cell Viability Assay

All cells were seeded in 96-well plates at a density of 2 × 103 cells/well with appro-
priate medium. GC cells were mock infected or infected with reovirus at a MOI of 1 or 10
and then treated with chemotherapeutic agents. Experiments were repeated three times

72



Viruses 2023, 15, 1472

and results presented as mean +/− standard deviation. Numbers of viable cells were
evaluated by a colorimetric WST-1 assay at 3, 6, and 9 days post treatment. WST-1 (Roche),
a tetrazolium salt, is cleaved to a colored formazan product by enzymes in metabolically
active cells, and the reaction is quantitated with an automatic plate reader at 450 nm. The
potential synergistic effect arising from the combination of reovirus with chemotherapy
on cell proliferation was assessed by calculating combination index (CI) values using the
method of Zhao et al. [22]. The CI provides a quantitative measure of the degree of interac-
tion between two or more agents. A CI of 1 denotes an additive interaction, >1 represents
antagonism, and <1 indicates synergy, with lower values indicating a higher degree of
augmentation of effect of the two agents working together.

2.4. Ras Activation Assay

First, 85–90% confluent cells grown in 150 mm dishes were lysed with 1 × Mg2+

lysis buffer (Ras activation assay kit; Millipore). To determine the level of activated Ras
(Ras-GTP) in these cells, 1 mg of cell lysate was incubated with 10μL of Raf-1 Ras binding
domain agarose conjugate at 4 ◦C for 45 min. The beads were then collected, washed,
resuspended in 2× Laemmli buffer, and boiled for 5 min. This was then followed by
SDS-PAGE and Western blotting with an anti-Ras antibody (clone RAS 10) according to the
manufacturer’s instructions. To determine the level of total Ras, cell lysates were directly
subjected to SDS-PAGE and Western blotting with anti-Ras antibody. The membrane was
incubated with horseradish peroxidase-conjugated goat antimouse antibody, and specific
bands were detected with an ECL system (GE Healthcare).

2.5. FACS Analysis

After treatment with reovirus and/or chemotherapeutic agents, general caspase activity
was assessed by the carboxyfluorescein caspase detection kit (Apologix; cat. no. FAM100-2;
Cell Technology, Inc., Newport News, VI, USA), which is based on carboxyfluorescein-
labeled fluoromethyl ketone (FMK)—peptide inhibitors of caspases. These inhibitors are
cell permeable and noncytotoxic. Once inside the cell, the fluorescent inhibitor binds
covalently to the active caspase. Primary rabbit antireovirus polyclonal antibody was made
in our lab and detected by binding to PE goat anti-rabbit IgG (Cedarlane Laboratories Ltd.,
Burlington, ON, Canada). Fixed and permeabilized cells were analyzed by flow cytometry.

2.6. Subcutaneous Tumor Xenograft Model in Nude Mice

Six-week-old male CD-1 nude mice, purchased from Charles River, were kept under
pathogen-free conditions according to a protocol approved by the University of Calgary
Animal Care Committee. MKN45 cells (2 × 106) were implanted subcutaneously in the left
flanks of mice under anesthesia. When the tumors reached a diameter of ~5 mm, the mice
were randomly divided into four groups (5 mice/group), and a 50 μL solution containing
reovirus (1 × 108 PFU/animal) or PBS was injected into the tumor (any excess injected
fluid was distributed in surrounding tissues). Simultaneously, each mouse received an
intraperitoneal injection of 100 μL paclitaxel at a dose of 10 mg/kg or irinotecan at a dose
of 5 mg/kg. The tumor size was calculated by external caliper measurements every 2
or 3 days. Tumor volume was calculated using the following formula: tumor volume
(mm3) = a × b2 × 0.5, where a is the longest diameter, b is the shortest diameter, and 0.5 is a
constant to calculate the volume of an ellipsoid. Statistical differences among groups were
assessed using the Mann–Whitney U test.

2.7. Immunodetection of Reoviral Replication

For histological analysis, tumors were fixed in 10% neutral buffered formalin, em-
bedded in paraffin, and sectioned. Sections were then immersed in xylene, followed by
rehydration in decreasing concentrations of ethanol. Endogenous peroxidase was inacti-
vated in 3% hydrogen peroxide in PBS for 15 min. Sections were then incubated in primary
rabbit antireovirus polyclonal antibody (1:1000 in PBS with 10% goat serum and 0.3% Triton
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X-100) partially purified by ammonium sulfate precipitation. Slides were washed in PBS
and then subjected to avidin-biotin horseradish peroxidase staining as recommended by
the manufacturer (Vector, Burlington, ON, Canada) and counterstained in hematoxylin.

3. Results

3.1. Reovirus Cytotoxicity in Gastric Cancer Cell Lines

We first surveyed the cytotoxicity of reovirus against gastric cancer using the WST-1
assay in 14 different human gastric cancer cell lines. After 72 h exposure, reovirus alone
showed moderate cytopathic effects (relative cell viability was between 0.2 and 0.8) in six
gastric cancer cell lines (AGS, MKN1, NCI-N87, Hs746T, FU97, ISt-1) and low cytopathic
effects (relative cell viability was more than 0.8) in seven gastric cancer cell lines (HGC-27,
KATOIII, MKN7, MKN45, MKN74, NUGC4, SNU16). Only GCIY cells showed a high
cytopathic effect (relative viability was less than 0.2; Figure 1a).

Figure 1. Response to reovirus is poorly correlated with levels of active Ras. (a) Gastric and colon
cancer cell lines infected at a MOI of 10 were evaluated for viability by WST-1 assay at 72 h post
infection. Bars, standard deviation (SD). (b) Ras activity in gastric cancer cell lines. The activated
GTP-bound form of Ras was detected in most gastric cancer cell lines. Hs68 (normal human fibroblast
cells) and HCT116 (colon cancer cells) were negative and positive controls, respectively. The levels of
Ras activation correlated only poorly with cytolytic responses to reovirus infection.
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To determine whether the variable cellular responses to reovirus might be explained
by differing levels of Ras activation, we then measured the levels of GTP-Ras in the various
gastric cancer cell lines. Activated Ras was detectable in most gastric cancer cell lines
(Figure 1b) when compared with a negative control of normal human fibroblasts. However,
we observed no obvious correlation between Ras activity levels and cytolytic effects—some
gastric cancer cell lines with prominent Ras activation were relatively resistant to reovirus
(e.g., AGS), whereas the most responsive cell line (GCIY) displayed only very modest
activation of GTP-Ras. While variable cytolytic responses to reovirus may reflect multiple
cellular features (abundance of receptor, efficiency of viral uncoating, etc.), it is clear that
in these gastric cancer cell lines, variables beyond simple Ras pathway activation must be
modulating cellular responses to reovirus infection.

3.2. Reovirus Cytotoxicity with Chemotherapeutic Agents in Gastric Cancer Cell Lines

We then chose four different gastric cancer cell lines (GCIY, AGS, NCI-N87, and
MKN45, showing strong, medium, or minimal responses to reovirus) to examine cyto-
toxicity in more detail. We evaluated cell viability with combinations of reovirus and
chemotherapeutic agents using WST-1 assays at days 3, 6, and 9 after treatment. We chose
irinotecan, paclitaxel, and docetaxel as combination chemotherapeutic agents, as these
are already commonly used in treatments of human patients. Although the various cell
lines showed modest differences in responses to the chemotherapeutic drugs alone, the
various agents showed clear enhancement of cell killing when supplemented with reovirus
in MKN45 and AGS cells (Figure 2a,b).

Reovirus alone killed GCIY very well, so we could not evaluate synergy with chemother-
apy in these cells, and NCI-N87 cells showed no enhancement in combination experiments
(Supplementary Figure S1a,b). All Combination Indices for MKN45 and AGS cells were
less than 1, which therefore showed synergy of reovirus with chemotherapy (Figure 2d);
enhanced killing was also revealed in photomicrographs of these two cell populations
(Figure 2c).

3.3. Combinations of Reovirus and Chemotherapeutic Agents Enhanced Reovirus Replication
and Apoptosis

We then tested whether the administration of chemotherapeutic agents might enhance
or diminish viral activity, while promoting cell death. For this purpose, we evaluated reovi-
ral protein expression and caspase activity using FACS analysis of MKN45 and AGS cells
treated in eight groups (control, reovirus alone, irinotecan alone, paclitaxel alone, docetaxel
alone, reovirus and irinotecan, reovirus and paclitaxel, and reovirus and docetaxel). Nearly
every combination of reovirus and chemotherapeutic agents enhanced reoviral protein
synthesis in these cells, which as we have shown previously leads to the elevated release of
infectious viral particles [11]. Reovirus or chemotherapy alone enhanced caspase activity
to some extent, and this was enhanced further when reovirus and chemotherapy were
combined (Figure 3).

In GCIY and NCI-N87 cells, reovirus alone enhanced caspase activity in both cell
types (Supplementary Figure S2b). These results show that the combination of reovirus
and chemotherapeutic agents can enhance reovirus protein synthesis in some cell lines and
induces effects leading to cell death via apoptosis or possibly pyroptosis.
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Figure 2. Cont.
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Figure 2. Combination effects of reovirus and chemotherapeutic agents (irinotecan, paclitaxel, and
docetaxel) on human gastric cancer cell lines (MKN45, AGS, GCIY, NCI-N87). (a) Cells were infected
with 1 or 10 MOI of reovirus and exposed to chemotherapeutic agents at the indicated concentrations.
Cell viability was assessed by WST-1 assay at 6 days after treatment. Experiments were repeated
at least three times and results presented as means +/− standard deviation (SD). (b) Time course
of the combined effect of reovirus plus chemotherapeutic agents on gastric cancer cell lines. Cells
were treated with 10 MOI of reovirus, chemotherapeutic agent (1 μM irinotecan, 1 nM paclitaxel,
1 nM docetaxel), or a combination of both, and cell killing efficacy was evaluated by WST-1 assay
over 9 days. (c) Cytopathic effects of reovirus with chemotherapeutic agents. MKN45 and AGS were
treated with reovirus, chemotherapeutic agents, or both (1 μM irinotecan, 1 nM paclitaxel, 1 nM
docetaxel) according to the schedule described above, and photographed 5 days after treatment.
×100 magnification. (d) Combination indices (CI) were calculated [22] for each combination after
6 days of treatment, when differences in effect were maximal. CI values are the means of three
experiments, with levels below 0.9 indicating substantial synergy, whereas a value of 1 denotes an
additive effect and values above 1 indicate antagonism between the agents.

3.4. Combined Reovirus and Chemotherapeutic Agents Enhanced Anti-Tumor Effects in a Murine
Gastric Cancer Xenograft Model

We then assessed the therapeutic efficacy of reovirus in combination with chemother-
apeutic agents against gastric cancer cells in vivo. We made two types of gastric cancer
xenograft models, with CD-1 nude mice bearing either MKN45- or GCIY-based tumors.
Then, we treated the former MKN45 model with combination therapy in four groups (con-
trol, reovirus alone, chemotherapeutic agent (irinotecan or paclitaxel) alone, and reovirus
plus chemotherapeutic agent); the latter model was treated with monotherapy in two
groups (control and reovirus alone). Administration of reovirus, irinotecan, or paclitaxel
results in significant tumor growth suppression compared with the untreated control at
28 days after initiation of treatment. Importantly, the combination of reovirus plus irinote-
can or reovirus plus paclitaxel produced a more profound inhibition of tumor growth
compared with mice treated with either modality alone and control (Figure 4A–D).

In the GCIY model, reovirus monotherapy was effective and sufficient when compared
with the untreated control (Supplementary Figure S3), similar to the effect observed in vitro.
Extensive viral distribution in the MKN45 tumors was confirmed by immunohistochemical
staining of reovirus protein (Figure 4E). There were no significant differences in the mean
body weights among experimental groups, and no morbidity was attributable to therapy
with reovirus, paclitaxel, irinotecan, or both in combination.
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Figure 3. Caspase activation and reovirus protein expression. These were determined by flow
cytometry in the gastric cancer cell lines MKN45 and AGS. Cells were treated with 10 MOI of reovirus,
chemotherapeutic agent (1 μM irinotecan, 1 nM paclitaxel, 1 nM docetaxel), or a combination of both,
and caspase activation and reovirus protein expression were evaluated by flow cytometry at 5 days
post treatment. Three experiments under these conditions were performed with similar results and
representative images are shown.
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Figure 4. Cont.
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Figure 4. Antitumor effects of intratumorally injected reovirus and intraperitoneally adminis-
tered irinotecan or paclitaxel against established flank MKN45 xenograft tumors in nu/nu mice.
MKN45 cells (2 × 106 cells/each) were subcutaneously injected into the left flanks of mice. Re-
ovirus (1 × 108 pfu)/body) and (A,B), irinotecan (5 mg/kg) or (C,D), paclitaxel (10 mg/kg) were
administered intratumorally and intraperitoneally, respectively. Five mice were used for each group.
Tumors were measured every 2 or 3 days, and tumor volume was expressed as tumor volume
relative to volume at commencement of treatment. Statistical significance was defined as p < 0.05 (*)
(Mann–Whitney U test). (B,D), representative tumors were photographed 28 days after treatment.
(E) Representative histologic analysis in MKN45 xenografts treated with/without reovirus or irinote-
can. Top, hematoxylin and eosin (H&E) staining. Bottom, immunohistochemistry (IHC) staining for
reovirus protein. Magnification, ×200.

4. Discussion

Many oncolytic viruses have been developed for application in multiple kinds of cancer.
However, there are relatively few reports about the potential use of oncolytic viruses with
gastric cancer. For example, adenoviral vectors have been used for experimental treatment
and gene therapy of various cancers because of their high transduction efficiency. However,
adenoviral infectivity of gastrointestinal cancer cells is generally poor due to the limited
expression of the coxsackie-adenovirus receptor [23]. Thus, we were interested in exploring
the use of reovirus in gastric cancer, as it naturally replicates in the gastrointestinal tract
and its cell surface receptor (JAM-A) is abundant.

One of our first questions was therefore to determine the level of activation of Ras
signaling in our gastric cancer cells, as this has been reported in other systems to correlate
with susceptibility to reoviral oncolysis [5,8]. Although oncogenic mutations of Ras are
infrequent (2–7%) in gastric cancer [24]; we nevertheless found evidence for variably
activated GTP-Ras in most of the gastric cancer cell lines we used in this experiment
(Figure 1b), possibly due to upstream activation of receptors such as EGFR, which is often
mutated in gastric cancer. Thus, it is plausible for this reason that reovirus can be used as a
gastric cancer therapy, even though we were surprised by the poor correlation between the
levels of activated GTP-Ras and cytolytic susceptibility to reovirus (compare Figure 1a,b).
The weakness of this association has also been reported by others [25] and it is likely that in
addition to the activation status of Ras-associated pathways [5,26], there are other molecular
determinants of reovirus-sensitivity, such as the cellular abundance of putative reovirus
receptors/coreceptors [27–29], intracellular virion uncoating or assembly processes [30,31],
and viral release and propagation, all of which can affect reovirus infection and oncolytic
efficiency. In addition, as we propose in our accompanying manuscript, it is possible that
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the degree of cellular stemness may vary among different cancers, and this may confer
variable reoviral responsiveness.

The cytopathic effect of reovirus we observed with our gastric cancer cell lines was
relatively modest when compared with other gastrointestinal cancers (colon, esophageal,
liver, pancreas; in preparation). GCIY cells were very susceptible to reovirus, but most
gastric cancer cell lines showed moderate or low cytopathic effects in vitro (Figure 1a).
Thus, from this evidence, it would be difficult to justify the use of reovirus as monotherapy
against gastric cancer. However, we wished to consider whether some combination of
reovirus and chemotherapy might show synergistic effects in gastric cancer and perhaps
expand the range of gastric cancers in which benefits could be achieved.

Many preclinical studies have provided experimental evidence for effective killing of
cancer cells by oncolytic viruses [32–36]. In animal models, however, established xenograft
tumors are rarely eliminated despite the existence of persistently high viral titers within
the tumor, and it is possible that total elimination of solid tumors may require higher
doses of oncolytic viruses that might prove toxic or lethal. In a report of a clinical trial of
ONYX-015 adenovirus, no clinical benefit was noted in the majority of patients, despite
encouraging biological activity [37]. Tumor progression was rapid in most patients, even
though substantial necrosis was noted in the tumors after treatment [38,39]. Thus, we
opted to evaluate chemovirotherapy, consisting of oncolytic virotherapy combined with
low doses of a chemotherapeutic agent. We reasoned that sublethal doses of chemotherapy
might damage cancer cell pathways and reduce, for example, innate anti-viral responses,
thereby enhancing viral oncolysis while reducing the likelihood of adverse effects [40].
In this study, we chose to explore the co-administration of irinoctecan, paclitaxel, and
docetaxel because these are often used for second-line chemotherapy in human patients
and are therefore plausible choices for future clinical trials employing chemovirotherapy.

Indeed, several chemotherapy/oncolytic virus combinations have already been evalu-
ated to date and have been shown to result in enhanced antitumor effects without com-
promising safety. For example, the adenovirus Onyx-015 enhanced clinical efficacy by
combining intratumoral Onyx-015 with systemic cisplatin and 5-fluorouracil when com-
pared with chemotherapy alone [41]. E1A-expressing adenoviral E3B mutants combined
with cisplatin and paclitaxel [42] also showed synergistic activity in vitro and in vivo. Com-
binations using oncolytic herpesviruses, such as G207 with cisplatin and HSV-1716 with
mitomycin C, resulted in synergistic activity in vitro and in vivo [43–45]. Even though the
precise biochemical mechanisms by which these synergies are achieved remain unknown,
their potential use in gastric cancer may provide new options for more successful treatment.

In the experiments described here, we found that irinotecan, paclitaxel, and docetaxel
were all able to enhance reovirus replicative activity (Figure 3) in MKN45 and AGS cells.
It is possible that these chemotherapeutic agents act by repressing the innate immune
responses of cells, thereby enhancing virus replication. In any case, it appears that the
elevated viral replication is linked to greater caspase activation and thus an acceleration in
programmed cell death.

In our experiments with xenograft tumors in vivo, we did not expect reovirus alone to
be very effective in repressing growth in the MKN45 gastric cancer model, simply because
reovirus did not kill MKN45 cells very well in vitro. However, we found that even reovirus
by itself was able to strongly repress (though not completely eliminate) growth of these
tumor cells in vivo. Nevertheless, both combinations of reovirus plus paclitaxel or reovirus
plus irinotecan, showed clear enhancement of cell killing in vivo (Figure 4), consistent with
our results in vitro.

Thus, we conclude that our in vitro and in vivo data both encourage further studies of
reovirus plus chemotherapy (and especially with irinotecan and paclitaxel, which were su-
perior to docetaxel) as a viable therapeutic modality for gastric cancer, even though in some
cases (Figure S3 and reference [46]), reovirus monotherapy may be partly or fully effective.
Our results are obtained in immunodeficient mice, and thus studies with immunocompe-
tent hosts and syngeneic tumors [47] could show further enhancement in tumor cell killing.
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In other work [48], we found that trastuzumab is able to enhance reoviral oncolysis in
gastric cancers that overexpress the Her2/neu oncogene. Thus, we argue that there is a clear
cellular rationale for combining chemotherapeutic agents and oncolytic reovirus for the
treatment of this disease, even though the precise mechanisms underlying synergy between
reoviral oncolysis and specific chemotherapeutic drugs remain unclear. We also note the
potential for different routes of viral administration, such as intraperitoneal or intravascular,
or especially for tumors of the gastrointestinal tract, via direct administration orally or as
we have shown anally [49]. As more is learned about the molecular pathways by which
oncolytic reovirus kills many cancer cell types, while sparing normal cells and tissues, the
rational combination of more potent agents or immunomodulators ([50–54]; also Kubota
et al., submitted) plus the potential for engineered virus [55] with greater anticancer action
and reduced side effects will become clearer. Finally, we return to the observation that
we (Figure 1) and others have made, which is that the correlation between Ras activation
and reoviral responsiveness is unexpectedly poor. Transfection of activated Ras genes into
normal cells can indeed result in both cellular transformation and reoviral susceptibility,
as originally reported by Lee’s group [26], but many tumor cells with activated Ras may
display reoviral resistance, whereas in other cases, those with low Ras pathway activity
may still be sensitive to the virus. Ras pathway activation alone is therefore unlikely to be a
reliable biomarker for reoviral responsiveness, which as we have argued is indeed subject
to multiple cellular constraints [56]. In our accompanying manuscript, we propose that a
previously unappreciated variable, that of cellular stemness in cancer (or embryonic) cells,
may be a novel important factor in predicting reoviral responsiveness. Further work will
be required to evaluate more fully the utility of this proposed relationship.

In our accompanying manuscript (Bourhill et al. [57]), we propose that a previously
unappreciated variable, that of cellular stemness in cancer (or embryonic) cells, may be a
novel important factor in predicting reoviral responsiveness. It is unlikely that stemness
alone will be a definitive factor in responses to reovirus, but perhaps together with a panel
of other relevant variables we may eventually be able to identify which patients will benefit
most from therapy that includes this or other viruses. These variables may in turn provide
novel targets for therapeutic intervention for better modulation of reoviral oncolysis, as we
show here in part with chemotherapeutic agents and gastric cancers. Further work will be
required to evaluate more fully the utility of these proposed relationships.

5. Conclusions

Reovirus shows synergistic benefit when used in combination with paclitaxel or
irinotecan in the treatment of gastric cancer in a murine xenograft model system. This
finding may facilitate the development of effective therapeutic strategies for treating gastric
cancer in patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15071472/s1. Figure S1: Combination effects of reovirus and
chemotherapeutic agents (irinotecan, paclitaxel, docetaxel) on human gastric cancer cell lines (GCIY,
NCI-N87). Figure S2: (a) Cytopathic effects of reovirus in GCIY and NCI-N87. (b) Caspase activation
and reovirus protein expression were determined by flow cytometry in gastric cancer cell lines, GCIY
and NCI-N87. Figure S3: Antitumor effects of intratumourally injected reovirus against established
flank GCIY xenograft tumours in nu/nu mice.
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Abstract: Oncolytic viruses (OVs) are an emerging cancer therapeutic that are intended to act by
selectively targeting and lysing cancerous cells and by stimulating anti-tumour immune responses,
while leaving normal cells mainly unaffected. Reovirus is a well-studied OV that is undergoing
advanced clinical trials and has received FDA approval in selected circumstances. However, the
mechanisms governing reoviral selectivity are not well characterised despite many years of effort,
including those in our accompanying paper where we characterize pathways that do not consistently
modulate reoviral cytolysis. We have earlier shown that reovirus is capable of infecting and lysing
both certain types of cancer cells and also cancer stem cells, and here we demonstrate its ability to
also infect and kill healthy pluripotent stem cells (PSCs). This led us to hypothesize that pathways
responsible for stemness may constitute a novel route for the modulation of reoviral tropism. We
find that reovirus is capable of killing both murine and human embryonic and induced pluripotent
stem cells. Differentiation of PSCs alters the cells’ reoviral-permissive state to a resistant one. In a
breast cancer cell line that was resistant to reoviral oncolysis, induction of pluripotency programming
rendered the cells permissive to cytolysis. Bioinformatic analysis indicates that expression of the
Yamanaka pluripotency factors may be associated with regulating reoviral selectivity. Mechanistic
insights from these studies will be useful for the advancement of reoviral oncolytic therapy.

Keywords: reovirus; oncolytic virus; oncolytic viral therapy; stemness; pluripotency; cytolysis;
reprogramming

1. Introduction

OVs are an exciting possible augmentation to current therapies for the treatment of
cancer. This novel therapeutic consists of viruses that are either engineered or that naturally
target and kill cancer cells while leaving healthy tissues mainly unharmed. The lytic
replication of OVs allows for the generation and spread of progeny virus while killing the
host infected cells. These viruses not only kill cancer cells directly but can also stimulate an
anti-tumour immune response and thus have the potential to allow for the development of
lasting immunity against particular cancers. As the therapy is targeted, it potentially allows
for a greater therapeutic window and the reduction of potential side effects [1–3]. Reovirus
is a promising OV as it is not linked to serious disease, has natural tumour tropism and is
well-studied. It is undergoing phase III clinical trials and has received FDA approval for its
use as an orphan drug for certain cancers [4–12].

The name reovirus is derived as a partial acronym for Respiratory Enteric Orphan
virus [13]. The natural endemic virus preferentially infects respiratory and intestinal tissues
but does not elicit severe pathology and is therefore designated an orphan virus. Reovirus
is a highly stable non-enveloped virus that consists of two protein coats, an outer capsid
and the inner core that surround ten dsRNA genome segments [14]. Most OVs in use
have been engineered to preferentially replicate in cancers by taking advantage of the
aberrant signalling that establishes the hallmarks of cancer. A fascinating property of
reovirus is that it has an inherent tropism for many types of transformed cells. This unique
ability to preferentially replicate in transformed cells was first demonstrated in 1977 by
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Hashiro et al. [15]. One year later Duncan et al. corroborated this finding by showing that
reovirus would preferentially lyse transformed WI-38 lung fibroblast cells [16]. Almost
20 years later, Lee’s group demonstrated the first use of reovirus as an oncolytic agent
in vivo for Ras-transformed cancer cells and showed that it could reduce tumour burden in
mice [7].

Since then, reovirus has emerged as one of the most clinically advanced oncolytic
therapies under development, with over thirty clinical trials (phase I-III) in numerous
cancer types including colorectal, bladder, skin, head and neck, brain, non-small-cell lung
cancer, ovarian, gastric, pancreatic prostate and breast [17,18]. In 2015, reovirus received
orphan drug status from the FDA and European Medicine Agency (EMA) for the treatment
of gastric, pancreatic and ovarian cancers [4,5,19]. Reolysin® has also received fast track
designation and a special protocol assessment agreement from the FDA for the treatment of
metastatic breast cancer [20,21]. Even so, responses to reoviral monotherapy in advanced
human cancers have in most cases been modest and short-lived, despite the promising
preclinical data in animals [22], and much effort is currently focused on the testing of
combination therapies. Indeed, the clinical responses to OV therapies in general have been
disappointing [6,23,24], and this has led to the development of next generation OVs that
are more potent, specific and safe, plus efforts to identify patients with cancers that will
respond best to these therapies.

There are numerous barriers to effective clinical application of oncolytic viral therapies,
some of which include inefficient delivery of viral vectors, antiviral immunity, limited
vector spread within tumours and inefficient infection of tumour cells [25]. There are
many strategies being employed to design the next generation of oncolytic viral vectors
that overcome these barriers. The first is through arming OVs to improve viral potency.
This is done by engineering viruses to express pro-drug convertases (suicide genes) or
therapeutic proteins. An additional strategy for advancing oncolytic vectors is to shield
them from neutralising antibodies that can inactivate viruses before they reach the tumour,
through the use of chemical protective barriers, serotype switiching or the use of carrier
cells. The final approach to enhancing oncolytic vectors through genetic engineering has
been to improve viral specificity for tumours by the insertion of tumour or tissue specific
enhancers and promoters that limit the expression of genes essential for viral replication.
This approach can also be used to regulate the expression of suicide genes and therapeutic
proteins [26–29].

Although attempts have been made to engineer reovirus in similar ways, it has a
dsRNA segmented genome, making it challenging to engineer the virus and generate viable
mutants. The first entirely plasmid based system for engineering reovirus was developed by
Dermody’s group in 2007 [30]. One of the first replication competent engineered reoviruses
to be produced using this system was developed by Hoeben’s group. They attached a
fluorescent protein (improved Light, Oxygen or Voltage sensing domain from Arabidopsis
thaliana, iLOV) into the binding region of σ1 [31]. Despite these recent advances in reoviral
engineering, none of the isolated mutants has yet to progress to the clinic as an oncolytic
vector. Mechanistic insights into what regulates reoviral tropism for transformed cells is
critical for improving reoviral therapeutic strategies [32]. In addition, an understanding of
the fundermental interactions that govern reoviral tropism will aid in the development of
a panel of biomarkers that could indicate whether or not patients are likely to respond to
reoviral treatment. An additional benefit of understanding reoviral selectivity would be
the potential for developing rational drug combinations for cancer therapy as reovirus has
so few off target effects.

However, the molecular mechanisms for reoviral selective replication in transformed
cell lines are not completely understood. An early breakthrough was achieved by Lee’s
group, who argued that reoviral selectivity is dependent on aberrant RAS activation and
subsequent down regulation of protein kinase R (PKR) [7,12,32–41]. In healthy cells, PKR
functions as part of an antiviral cellular defence system. When two of these proteins bind
to dsRNA, transphosphorylation activates these kinases, which then prevent the formation
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of the translation initiation complexes and thereby preventing protein translation [42,43].
When the presence of dsRNA viral genomes is detected by PKR, protein synthesis is halted,
which causes rapid apoptosis and viral clearance. PKR has been shown to be inactive in
RAS transformed cells [36]. In cancer cells where PKR is dysfunctional and is no longer
able to detect the presence of dsRNA and activate appropriate immune responses, reoviral
replication is in theory uninhibited, leading to cytolysis. However, tests of this model
yielded conflicting results and the exact mechanisms co-ordinating RAS activation and
PKR signalling in promoting reoviral replication [35] and the general control of protein
synthesis [44,45] remain unclear. Indeed, numerous groups have shown that RAS and PKR
do not fully account for reovirus’ tumourigenic selectivity [46]. Contrary to the model pro-
posed by Lee, Terasawa and colleagues were able to show that some cancers with low RAS
activity are unexpectedly susceptible to reoviral oncolysis, while others with high RAS acti-
vation were resistant [46] (see also our accompanying paper). Knockdown of RAS did not
prevent reoviral replication in colorectal cancer cell lines [47]. Smakman et al. subsequently
showed that deletion of KRAS through homologous recombination did not prevent reoviral
replication [48]. In accordance with these findings, work by van Holt et al. showed that cell
lines or tissue fragments taken from colorectal tumours were non-permissive to reovirus re-
gardless of KRAS activation [49]. Similarly, in work focusing on PKR activation Zhang et al.
demonstrated that siRNA knockdown of PKR expression did not increase reoviral lysis
in tumour cells [50]. Work presented by Twigger et al. also showed that inhibiting PKR
activity in resistant cell lines did not cause an increase in reoviral response [51]. Schiff’s
group presented data entirely contrary to Lee’s work showing that the presence of either
RNAse L or PKR modulated reoviral replication [52]. This team subsequently verified their
findings by showing that reovirus replication was more efficient in PKR knockout cells [53].
The debate surrounding the RAS/PKR pathway clearly indicates viral tropism is a complex
process involving numerous integrated signalling networks.

The interactions between host and viral signaling that determine successful reoviral
oncolysis are likely to be complex and varied. Efficient receptor targeting and binding, viral
replication, type of virally induced programmed cell death (autophagy, apoptosis, necrosis,
pyroptosis) and the susceptibility of a cancer to different cell death programs, as well as
host cell immune responses, all influence the efficiency of oncolysis [23,32,54–56]. As our
understanding of what governs reoviral selectivity in transformed cells is incomplete, there
remain unique opportunities to uncover these mechanisms and apply this knowledge to
enhance reoviral oncolytic efficiency.

Remarkably, reovirus not only has anti-tumour activity but its selective cytolysis
extends to cancer stem cells (CSCs) [57,58]. This is intriguing as both bulk tumour cells
and CSCs exist in a de-differentiated state relative to their healthy counterparts. What is
also striking about reoviral infection is that is capable of lysing healthy, non-cancerous
stem cells. An earlier observation from our lab demonstrated that murine embryonic stem
cells are sensitive to reovirus both in vitro and in vivo. We found that wild type reovirus
could reduce in SCID mice the size of teratomas that were derived from non-cancerous
murine embryonic stem cells [59]. Reovirus can therefore selectively lyse bulk cancer cells,
cancer stem cells and healthy murine embryonic stem cells, all of which have stem-like
characteristics. In addition, healthy differentiated tissues are mostly refractory to infection.
These observations led us to speculate that pathways responsible for stemness may govern
some aspects of reoviral selectivity. To test this hypothesis we began by characterizing the
capabilities of reovirus to lyse non-cancerous stem cells. We then investigated whether
inducing pluripotency and differentiation could alter the cellular responses to reoviral
infection. Finally, we performed bioinformatic analysis to understand the potential role of
Yamanaka stem cell factors in regulating reoviral selectivity.

An appreciation for the signalling pathways responsible for governing reoviral tropism
will be a foundation for improving the efficacy of this oncolytic agent. Findings from this
study could help establish which cancer backgrounds are amenable to cytolysis, informa-
tion that will be critical for developing effective biomarkers to screen patients. Additionally,
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knowledge of reoviral selectivity can aid in the development of synergistic therapeutic com-
binations enhancing potency. Mechanistic insights on the signalling pathways regulating
viral tropism will enable the development of next generation reoviral oncolytic therapies.

2. Materials and Methods

2.1. Cancer Cell Lines and Culture Conditions

Cancer cells were grown in high glucose (25 mM) Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS) (Thermo Fisher Sci-
entific, Waltham, MA, USA) and 100 units/mL penicillin and 100 mg/mL streptomycin
(Thermo Fisher Scientific). Cell lines cultured in this medium formulation included: L929
(murine fibroblasts, American Type Culture Collection, ATCC, Manassas, VA, USA), Hela
(human cervical adenocarcinoma, ATCC), ZR-30–75 (human mammary ductal carcinoma,
ATCC), MDA-MB-231 (human mammary adenocarcinoma, ATCC), MDA-MB-468 (human
mammary adenocarcinoma, ATCC), MCF7 (human mammary adenocarcinoma, ATCC)
and EMT6 (murine mammary carcinoma, ATCC). All cell lines used gave broadly similar
responses, but only experiments performed with cells in triplicate or greater are presented
in the Results. The N2O2 (mammary tumour cells from MMTV-Neu mice) cell line was
generated by DR [60]. Cells were grown in monolayers and incubated in a humidified atmo-
sphere of 5% CO2 with 95% humidity at 37 ◦C. When cultures reached 70–80% confluency
they were passaged using Trypsin-ethylenediaminetetraacetic acid (EDTA), (Thermo Fisher
Scientific; 0.25% Trypsin, 0.913 mM EDTA). Trypsinized cells were incubated with fresh
medium and counted using Trypan blue (Thermo Fisher Scientific) and a haemocytometer.
Cells were then placed in fresh medium and seeded onto appropriate culture dishes. Stocks
of these cell lines were maintained in liquid nitrogen for long term storage in a 90% FBS
10% Dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, USA) solution.

Induced pluripotent cancer stem cells (14ex-11, Yulia Shulga, Rancourt lab) were
grown in high glucose (25 mM) DMEM medium supplemented with 15% (v/v) embryonic
stem cell FBS (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific),
0.1 mM non-essential amino acids (Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol
(Thermo Fisher Scientific) and 10 ng/mL leukaemia inhibitory factor (LIF, Sigma). These
cells were grown on a feeder cell layer of inactivated murine embryonic fibroblasts

Induced pluripotent cancer stem cells were generated by reprogramming N2O2 tu-
mour cell lines with PiggyBac transposon vectors that expressed cDNA for OCT4, c-MYC,
KLF4 and SOX2 [61]. Reprogramming was confirmed through qRT-PCR and immunofluo-
rescence imaging for stem cell markers. Pluripotency of this reprogrammed cell line was
additionally confirmed via in vivo teratoma assay.

2.2. Stem Cell Culture Conditions
2.2.1. Murine Cell Lines

Murine embryonic (D3) and induced pluripotent iPS-3, stem cells were cultured in
high glucose (25 mM)) DMEM that was supplemented with; 15% (v/v) embryonic stem cell
FBS, 1 mM sodium pyruvate, 0.1 mM non-essential amino acid, 0.1 mM 2-mercaptoethanol
and 10 ng/mL LIF. Both cell lines were provided by the Rancourt lab [62]. Stem cells were
co-cultured on inactivated murine embryonic fibroblast cells, as described next.

Murine embryonic fibroblast (MEF) cells were cultured on 0.1% gelatin (Sigma) coated
tissue culture plates. These cells were grown in high glucose (25 mM) DMEM medium with
10% (v/v) FBS, 0.1 mM non-essential amino acids, 50 units/mL penicillin and 50 mg/mL
streptomycin. MEFs were used for experimental purposes and as a feeder layer for stem-
like cells. MEFs were prepared as a feeder layer and when they reached 100% confluency
the cells were treated with 10 μg/mL mitomycin C (Sigma) for 2 h at 37 C. The cells were
then washed with PBS and incubated in fresh medium overnight. Inactivated MEFs were
used as feeder cells the following day [63]. When stem cells were required for experiments
they were removed from MEFs. Once the stem cells reach 70–80% confluency on the gelatin
plates the cells were dissociated and counted using a haemocytometer and Trypan blue.

89



Viruses 2023, 15, 1473

The cells were then aliquoted in appropriate amounts for subsequent experiments. Stocks
of these cell lines were maintained in liquid nitrogen for long term storage in a 90% FBS
10% DMSO solution.

2.2.2. Human Stem Cells

Human embryonic stem cell lines H9 (Wicell, Madison, WI, USA), H1 (Wicell, WA01)
and induced pluripotent human stem cells BJ-EOS clone 4YA (provided by the Ellis lab) [64]
were cultured in mTeSR complete medium (Stem Cell Technologies, Vancouver, Canada)
supplemented with 50 units/mL penicillin and 50 mg/mL streptomycin. These cells were
cultured on Matrigel (Corning, New York, NY, USA) treated 60 mm plates as per the
manufacturers specifications [64].

Cells were passaged by washing the cultures with Dulbecco’s phosphate-buffered
saline without calcium and magnesium (DPBS, Stem Cell Technologies) twice followed
by accutase (Stem Cell Technologies) treatment. Once the cells were in a single cell sus-
pension fresh medium was used to inhibit accutase activity. Cells were then counted and
aliquoted for subsequent experiments. Cell were maintained in medium containing 10 μM
Rho-associated kinase (ROCK) inhibitor (Y-27632; Stem Cell Technologies) for 24 h after
passaging and then returned to their regular medium.

Human foreskin fibroblast cells (HFF) [64] were cultured on gelatin coated plates in high
glucose (25 mM) DMEM medium supplemented with; 15% (v/v) embryonic stem cell FBS,
1.0 mM sodium pyruvate, 0.1 mM non-essential amino acid and 0.1 mM 2-mercaptoethanol.

2.3. Differentiation Protocols
2.3.1. Murine Cell Lines

Murine embryonic and induced stem cells were differentiated through the hanging
drop technique [63,65,66]. Trypsinized stem cells were resuspended in medium that did
not contain LIF [high glucose (25 mM) DMEM that was supplemented with 15% (v/v)
embryonic stem cell FBS, 1.0 mM sodium pyruvate, 0.1 mM non-essential amino acids
and 0.1 mM 2-mercaptoethanol]. Cells were counted and diluted to a concentration of
25,000 cells/mL (or 500 cells per 20 μL drop). Drops of 20 μL were plated onto the lid of
a 90-mm bacterial culture plate. The lid was then placed on top of a plate that contained
10 mL of PBS. Hanging drops were incubated at 37 C in 5% CO2, with 95% humidity for
a period of 3–4 days [63]. Embryoid bodies were then transferred into 24, 48 or 96 well
cell culture plates (Greiner Bio-One, #662160, Kremsmünster, Austria) that were treated
with 0.1% gelatin. The embryoid bodies were either infected with reovirus directly as the
cells were being transferred into the multiwell plates or after 1 or 10 days of differentiation.
Spontaneous differentiation was confirmed by the presence of beating cardiomyocytes in
cultures. Beating cells were identified through the use of an Olympus CKX41 inverted
phase contrast microscope.

2.3.2. Human Cell Lines

Human embryonic stem cell (hESC) line H1 (WiCell) and human induced pluripotent
stem cell (hiPSC) line 4YA (generated from BJ cell lines in Dr. James Ellis’ laboratory at the
University of Toronto) were differentiated into liver organoids using a modified previously
published protocol [67]. The differentiation process was performed through three stepwise
stages: definitive endoderm (DE) formation, hepatoblast, and mature hepatocytes.

Briefly, human pluripotent stem cells (hPSCs) were seeded on matrigel-coated 60-mm
plates at a density of 4 × 105 cells per plate, and when the cells reached to 90% confluency
the directed differentiation toward definitive endoderm was started for three days. The
first step of differentiation (DE) was done on 2D culture plates. The cells were treated
with RPMI 1640 medium (Thermo Fisher scientific) containing 1% BSA (Sigma-Aldrich,
St. Louis, MO, USA), 1% B27 (Thermo Fisher Scientific). On day 1 this medium was
supplemented with 6 mM CHIR99021 (Stem Cell Technologies), and following this the
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medium was supplemented with 10 ng/mL activin A (R&D Systems, Minneapolis, MN,
USA) on days 2 and 3 of the differentiation protocol.

Stage two of differentiation (hepatoblast) began with aggregating putative endoderm
cells into aggregates using AggreWell 400 24-well plates. Aggregates containing 100 cells
were used for spheroid formation. To calculate the number of cells needed in each well of
AggreWell 400 24-well plate, the following formula was used:

1200 microwells per well (24 wp) = 1200 aggregate × # cells/aggregate

The endodermal cells were dissociated using Accutase and collected into fresh stage
two medium containing DMEM-F12 medium (Thermo Fisher Scientific) supplemented with
2% knockout serum replacement (KOSR, Thermo Fisher Scientific), 10 ng/mL hepatocyte
growth factor, (HGF, R&D Systems), and 10 ng/mL fibroblast growth factor-4 (FGF4, R&D
Systems). Cells were aggregated by adding 600 μL cell suspension to each well of a 24-well
plate containing 10 μM ROCK inhibitor (Y27632, Stem Cell Technologies) and placed in the
incubator for 24 h. The next day, aggregates were placed into fresh stage two medium in
6-well plates (non-TC treated) on a shaker (f < 60 rpm). Aggregates were then treated with
stage two differentiation medium for a period of 7 days on the shaker.

Formed organoids were then subjected to the third and final stage of differentiation
(mature hepatocytes) where they were treated for a period of 10 days using HCMTM
Hepatocyte Culture Medium BulletKitTM (Lonza, Basel, Switzerland) supplemented with
0.1 mM DMSO, 1 mM non-essential amino acids, 1 mM GlutaMAX and 10 ng/mL on-
costatin M (R&D Systems) [67]. Stage 3 hepatocyte-like differentiation liver organoids
were then subject to reoviral infection. Differentiation of the liver organoids was con-
firmed through immunofluorescence imaging of liver specific markers KRT7, CYP3A4,
HNF4-alpha and Sox9.

2.3.3. Reoviral Infection

Reovirus type 3 Dearing strain was used for all infections and was obtained from Dr.
Patrick Lee (Dalhousie University, Canada). To determine concentration and stability of
reovirus, all batches were extensively titred by plaque assay in L929 cells [33].

2.4. Viability Assays

To determine cell survival after reoviral infection, crystal violet staining was used to
quantify viable cells that adhered to the multi-well plate surface [68,69]. For viability assays
reoviral infection took place one day after adherent cells were seeded into 24 well plates.
Reoviral infection of murine embryoid bodies took place immediately as embryoid bodies
were seeded into plates, or 10 days after seeding. In the case of human liver organoids,
these were infected immediately or one day after seeding. A standard range of MOIs
(multiplicity of infection or the ratio of plaque forming units, viral particles, per cell) from
1–100 was used. Reovirus was added to wells in a desired final volume and cells were left
on a rocking platform at room temperature for 30 min. Infected cells were then placed in
an incubator (at 37 ◦C with 5% CO2 with 95% humidity) and left until the experimental
endpoint was reached. Viability assays were conducted for a period of three days.

After reoviral infection medium was removed from the cells, and they were then fixed
to the plate through the addition of 4% paraformaldehyde (PFA, Sigma) solution. The
fixative solution was removed and plates allowed to air dry. Subsequently a 1% crystal
violet (Sigma) solution was added to each well and plates incubated at room temperature
for 10 min. The plates were then washed with water and allowed to air dry. The crystal
violet stains were dissolved in a 1% sodium dodecyl sulfate (SDS, Sigma) solution. The
optical density of each well was measured at 570 nm using a microplate reader. Experiments
were conducted in replicates of three, and data were normalised to an untreated control
that had 100% survival. This method resulted in low levels of residual staining of cellular
debris even when all cells were killed, as verified by microscopy.
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2.5. Reovirus Protein Synthesis
Immunostaining and Widefield Microscopy

Reoviral protein abundance and distribution were monitored through the use of a
polyclonal rabbit anti-reovirus (serotype 3 Dearing) antibody serum [70]. This primary
antibody was used in both Western Blot analysis and immunostaining. Adherent cell lines
(cancer and stem cell) were cultured on chambered coverslips (Ibidi μ-Slide 8 Well). Cells
were seeded at 100,000 cells per chamber and subsequently infected (MOI 1-100) one day
later. Cells were usually fixed one day post-infection. In the case of embryoid bodies and
liver organoids, cells were fixed two and three days post infection, respectively. All cells
were washed with DPBS and then fixed by adding 200 μL of 4% PFA to each well. The
plates were incubated at room temperature for 15 min. The cells were then washed with
DPBS and permeabilised with 100% methanol and left to incubate for 8 min at −20 C. All
slides were rinsed with DPBS twice and then incubated in a 5% bovine serum albumin
(BSA, Sigma) solution in DPBS for 45 min at room temperature on a rocking platform.
Primary antibody (polyclonal rabbit anti-reovirus, 1 in 5000 dilution) was added to the
cells for a period of 2 h. Cells were then rinsed three times in DPBS. Following this a
secondary antibody (donkey anti-rabbit-Alex647, Thermo Fisher Scientific 1:5000) solution
was added to the cells for one hour at room temperature. Plates were covered in foil from
this point onwards. Plates were then washed with DPBS and stained with 4′,6-diamidino-
2-phenylindole (DAPI; Thermo Fisher Scientific) solution. Plates were incubated for 5 min
on a rocking platform and rinsed with DPBS twice. Cells were stored in the dark at 4 ◦C
until imaged on an Olympus IX71 Evolve wide-field microscope [71]. Image capture and
analysis was performed using Volocity version 6.5.1.

2.6. Western Blots

After cells had been infected (MOI 1-10) they were lysed and proteins collected for
Western blot analysis. Cells were lysed using 120 μL lysis buffer per well (12-well plate,
4 × 105 cells). Lysis buffer consisted of 1 M Tris-base (VWR), 8.75% glycerol, 10% SDS,
150 mM sodium chloride (Sigma) and 1% TritonX100 (Sigma). Protease inhibitor complex
(Sigma) and 2 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) was added fresh for every
lysis reaction. Lysis buffer was added to the adherent cells and plates were placed on ice
for 5 min while spent medium were centrifuged at 1000× g for 5 min. Lysates from the
plates were collected and placed on pellets from the centrifuged medium. The combined
cell lysates were then heated at 90 ◦C for 10 min.

Protein samples were then quantified using Detergent Compatible (DC) Protein Assay
Kit (Bio-Rad). BSA was used for the standard curve and reactions conducted in 96-well
format. A microplate reader was used to quantify the optical density of each sample at
750 nm.

Protein samples were then separated using sodium dodecyl sulphate-poly acrylamide
gel electrophoresis (SDS-PAGE) with stacking gels at 5% while resolving gels were 12%.
Proteins were transferred to nitrocellulose membranes and were incubated with pri-
mary antibodies (Supplementary Materials) overnight on a rocker at 4 C. Membranes
were rinsed with TBST three times and incubated with appropriate (species specific) sec-
ondary antibodies that were conjugated to horseradish peroxidase (HRP). Membranes
were washed four times in TBST and Amersham ECL Prime Western Blotting Detection
Reagent (GE Healthcare, Chicago, IL, USA) was added to each membrane. Proteins were
detected using the Bio-Rad ChemiDoc Touch Imaging system. Images of the membranes
were captured and analysed using Image Lab version 5.2.

2.7. Bioinformatic Analysis
2.7.1. Analysis of Reoviral Sensitive vs. Resistant Cell Lines

To determine the extent of Yamanaka factor expression within reoviral resistant vs.
sensitive cancer cell lines, a literature search was conducted in PubMed to compile a dataset
of relevant cell lines. Cell lines were designated sensitive if cytopathic effects were noted
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after infection with an MOI 20 or lower. Robust multichip average (RMA) normalised
expression data for 27 sensitive and 12 resistant cell lines from the Genomics of Drug
Sensitivity in Cancer database were available for analysis [72]. These data were then
collated and analysed using the R programming language.

A linear model for microarray data analysis (Limma) was performed to compare
resistant and sensitive cell lines to determine differential gene expression profiles [73]. Four
genes (SNAP25, PON2, PRCD, C9orf16) were determined to be differentially expressed
(false discovery rate 0.1). Literature review revealed PON2 was implicated as a having a
role in regulating stemness and as a result genes involved in regulating PON2 expression
were investigated. Spearman correlation analysis was used to investigate the relationships
between the continuous gene expression of PON2 and STAT5/KLF4. Spearman correlations
were visualised using scatter plots.

2.7.2. Analysis of Gene Expression in Tumours

To further our analysis of the Yamanaka factors possibly involved in tumours, ex-
pression datasets from nearly 10,000 samples from 30 different cancers from The Cancer
Genome Atlas (TCGA) were analysed [74]. Expression of the Yamanaka factors within
the breast cancer subtype (BRCA) in the TCGA were log 2 transformed and Z-scores nor-
malised to plot heat maps of expression. Hierarchical clustering was performed using
Euclidean distancing. Spearman correlation coefficients were calculated for expression
of OCT4, KLF4, SOX2, and MYC. A similar analysis was conducted in only breast cancer
tumours with 1092 samples from the TCGA.

2.8. Statistical Analysis

Experimental raw data were normalised and maintained in Microsoft Excel. For
viability assays infected cells (at various MOIs) were only compared to the untreated
controls to determine whether a significant difference in the means was present. Two-tailed
unpaired student’s t-tests were used to compare treated groups to untreated controls,
with p values of significance set at 0.05. Data presented show standard error of the mean.
Inkscape version 0.92 was used to produce graphs and visualisations of the data.

3. Results

In our earlier studies of an attenuated reoviral strain, we noted that wild type reovirus
(Dearing strain) was surprisingly capable of infecting and killing healthy (non-cancerous)
murine embryonic stem cells (mESCs), despite previous assumptions that reovirus causes
little or no harm to non-cancerous cells [59]. We then showed that wild type reovirus was
capable of inhibiting the growth in SCID mice of teratomas that normally arise after sub-
cutaneous mESC transplantation [59]. The mechanism for why reovirus can infect some
cancers and not others remains undefined and we speculated that an investigation into the
similarities between stem cells and cancer cells provides a new avenue of investigation into
what regulates this phenomenon. Although sensitivity of adult stem cells to reovirus has
been investigated previously, particularly as groups are interested in using mesenchymal
stem cells as carrier cells to deliver virus [75,76], no studies have investigated the sensitivity
of pluripotent stem cells to reovirus. The first objective of this work was therefore to
investigate both murine and human stem cell responses to reoviral infection.

3.1. Characterisation of Reoviral Cytolysis in Embryonic Stem Cells

To determine the extent to which murine ESCs were sensitive to reoviral infection, D3
embryonic stem cells were infected with reovirus with various multiplicities of infection
(MOIs). L929 cells were used as a positive control in these experiments as these cells
are known to be susceptible to reoviral infection and lysis (Figure 1A). It is clear that
mESCs are exquisitely sensitive to reoviral infection and cytolysis when infected with
MOIs of one (Figure 1A). To investigate whether these observations were restricted to
murine cell types or if they were applicable to the human cells, similar experiments were
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performed in human embryonic stem cells lines H9 (hESCs). HeLa cells were used as a
positive control. It was clear that human embryonic stem cells are also highly sensitive
to reoviral infection (Figures 1B and S1). To establish if viral replication was occurring
within mESCs and hESCs, Western blot analysis and immunofluorescence imaging were
performed. Antibodies directed towards the capsid proteins of the virus were utilized
to determine whether viral proteins were being produced, which is indicative of viral
replication [70]. Western blots demonstrate that reovirus can effectively replicate in mESCs
and hESCs (Figure 1C,D). These results were in accordance with the immunofluorescence
imaging which showed that mESCs and hESCs support active production of reoviral
particles (Figure 1E,F).

It is clear from these results that healthy, non-cancerous embryonic stem cells are highly
susceptible to reoviral infection and cytolysis. Both mouse and human cell lines appear to
be highly sensitive to infection with low concentrations of virus producing massive cell
death within the population. Likewise, both murine and human embryonic stem cells
are capable of supporting reoviral replication. Cellular machinery is recruited to produce
viral capsid proteins, which is indicative of active viral replication. The observation that
reovirus can infect and kill non-cancerous stem cells is fascinating as it has implications for
its mechanism of selectivity. Cancerous cells are thought to either arise from stem cells that
have undergone oncogenic mutation and transformation or from differentiated cells that
have undergone a process of reversion to a more stem-like state. We infer these responses
reflect similarities between cancer cells and embryonic cells, especially in responses to
cytotoxic agents such as viruses. The differentiation status of the cell may influence
embryonic and cancer cells’ permissiveness to infection.

3.2. Characterisation of Reoviral Cytolysis in Induced Pluripotent Stem Cells

iPSCs offer a unique model in which to investigate the role that pluripotency plays in
regulating cellular susceptibility to reoviral infection. These cells begin in a differentiated
state and progress towards pluripotency upon introduction of the Yamanaka factors. This
provides the opportunity to investigate whether a cell that is initially resistant to reovirus
can be made susceptible by inducing a pluripotent state within the cell.

Murine embryonic fibroblast (MEF) cells are a mature cell type that is derived from
connective tissue of the skeletal muscle of new-born mice and are frequently used to
generate murine induced pluripotent stem cells (miPSC). In our lab, MEFs were transduced
with lentiviral vectors carrying a payload of cDNA that encoded the four Yamanaka
factors to produce a stable iPSC cell line [62]. Similarly, human induced pluripotent stem
cells (hiPSC, 4YA cell line) were derived from human foreskin fibroblast (HFF) cells and
were transduced with a lentiviral vector that stably integrates into genomic DNA and
overexpresses the Yamanaka factors [64,77]. To determine whether the differentiation
status influences reoviral selectivity, the differentiated cells (MEF and HFF) as well as the
established induced pluripotent stem cells (miPSC and 4YA) were infected with reovirus.
Sensitivity to the virus was subsequently determined through cell viability assays, Western
blots and fluorescent imaging (Figure 2). Both murine and human induced pluripotent
cells in both murine and human models are sensitive to infection and subsequent cell
death (Figure 2A,B). The sensitivity was similar to that seen in embryonic stem cells. The
more mature ancestral cell types however were resistant to cytolytic effects from the virus.
Both Western blot analysis and immunofluorescence imaging confirmed the production of
new viral capsid proteins one day after infection (MOI 10) in the pluripotent cells while
differentiated cell types did not produce viral capsids proteins, indicating a lack of viral
replication (Figure 2C–F).
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Figure 1. Characterisation of reoviral cytolysis and replication in cancer and embryonic stem cells.
(A) mESCs (D3) and (B) hESCs (H9) cells were infected with wild type reovirus (T3D) twenty-
four hours after seeding. Three days after infection cell viability was determined using crystal
violet colorimetric analysis (residual staining represents remaining cell debris; all cells were killed).
Absorbance was read at 570 nm and normalised to untreated controls. The assays were performed in
triplicate; error bars represent standard deviation. Two-tailed paired student’s t-tests were used to
compare treated groups to untreated controls, * p < 0.05; ** p < 0.01 and *** p < 0.001. Viral protein
synthesis in mESCs (C) and hESC (D) was initially confirmed via Western blot. Twenty-four hours
after infection with MOI 10 cells were lysed and Western blots performed with antibodies directed
toward viral capsids; experiments were performed in triplicates. Relative protein quantification
was measured by normalizing capsid protein expression to actin controls. Immunofluorescence
imaging was also performed to assess reoviral replication. mESCs (E) and hESCs (F) were infected
at an MOI 10. One day post infection cells were fixed, permeabilised and stained with antibodies
directed toward viral capsids. Red—reovirus, Blue—DAPI. Scale bar is 50 μm. L929 and HeLa cells
were used as positive controls. Experiments were performed in triplicates with similar results, and
representative images are shown.
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Figure 2. Induced pluripotent stem cell sensitivity to reoviral cytolysis and replication. (A) Murine
differentiated cells (MEFs) and miPSCs were infected with reovirus and three days post infection
were subject to crystal violet colorimetric analysis. (B) Similarly human foreskin fibroblasts and
hiPSCs (4YA) cells were infected with wild type reovirus (T3D) twenty-four hours after seeding.
Three days after infection cell viability was determined. Absorbance was read at 570 nm and
normalised to untreated control. Residual staining reflects cellular debris. The assay was performed
in triplicate (n = 3). Error bars represent standard deviation. Two-tailed paired student’s t-tests
were used to compare treated groups to untreated controls, * p < 0.05; ** p < 0.01. Viral replication
in miPSCs (C) and hiPSC (D) was confirmed via Western blot one day after infection (MOI 10).
Relative protein quantification was measured by normalizing capsid protein expression to actin
controls. Immunofluorescence imaging was performed to assess reoviral replication. One day post
infection (MOI 10) miPSCs (E) and hiPSCs (F) were fixed, permeabilised and stained. Red—reovirus,
Blue—DAPI. Scale bar is 50 μm. L929 and HeLa cells were used as positive controls.
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What is particularly interesting about the results presented here is that upon induction
of pluripotency programs there is a shift in reoviral sensitivity from a resistant phenotype
to that of a sensitive one. The sensitivity of the induced pluripotent cells is similar to that of
their embryonic counter parts with murine cells being the most sensitive while human cells
are slightly less so. The fact that cells become susceptible to infection upon reprogramming
is a novel finding with intriguing implications, not only for reoviral biology but also for
oncogenesis. Reprogramming appears to promote reoviral susceptibility, implicating the
Yamanaka factors or their downstream targets in determining cellular permissiveness to
reoviral replication. We may infer that pluripotency induction mimics certain aspects of
oncogenic progression. The Yamanaka factors that are required for reprogramming are
often upregulated or are overexpressed in a number of cancers [78]. A good example of
this is the Yamanaka factor MYC, which is a well-known oncogene and accounts for a great
deal of transcriptional similarity between iPSCs and cancer cells. It is intriguing then to
speculate on what role, if any, the Yamanaka factors may have on reoviral replication.

3.3. Reoviral Cytolysis in Differentiated Cells

It is evident that induction of pluripotency can promote characteristics of a cell that
make it susceptible to reovirus. It would therefore be important to know if stem cells
(induced or embryonic) could be made refractory to reoviral infection through the loss of
pluripotency by promoting differentiation.

In the murine PSC context, spontaneous differentiation can be induced through the
removal of leukaemia inhibitory factor (LIF) from culture media. To promote differentiation,
a hanging drop technique was used to form 3D spheres known as embryoid bodies, which
are reflective of spontaneous cell differentiation [65,66]. Murine pluripotent stem cells
(induced and embryonic) were induced to differentiate in hanging drops for a period of
three days. Following this embryoid bodies were transferred to gelatin coated plates and
allowed to differentiate. Time course analysis was performed and differentiated cells were
infected immediately after their hanging drop treatment as they were transferred to gelatin
plates (Figure 3A), or they were allowed to differentiate for a period of five or ten days
following seeding. Beating cardiomyocytes after five days indicated that differentiation had
occurred in some of the cells. Cells were infected with reovirus and crystal violet viability
assays performed. Cells that had undergone differentiation were refractory to reovirus
as there was very little change in their cell viability particularly when compared to their
stem cell counter parts (Figures 1A and 2A). Surprisingly, this switch from susceptible cell
type to refractory occurred relatively soon in the differentiation process where refractory
cells were noted only three days after removal of LIF and suspension in hanging drops.
Differentiated murine cells were then subject to immunofluorescence imaging and Western
blot to determine if reoviral replication occurred within these cell types. Reovirus cann
produce capsid protein as evidenced through Western blot analysis (Figure 3C). The amount
of protein produced however is quite low relative to the susceptible L929 control cell
lines. This trend was mirrored in the immunofluorescence images: some cells within the
population appear to support reoviral replication, while the large majority of cells appear
to be resistant to infection and concomitant production of capsid proteins (Figure 3G). The
amount of infection seen in these cells is lower than in their pluripotent counterparts,
particularly as the immunofluorescence in the differentiated cells was measured two
days post infection. It appears that cells along the periphery of the embryoid bodies are
infected and produce actively replicating virus. In general however, the differentiated cell
populations produced much lower levels of reoviral protein when compared to susceptible
controls and their stem cell counterparts.
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Figure 3. Reoviral sensitivity in differentiated stem cells. (A) Murine embryonic and induced
pluripotent stem cells were induced to differentiate in hanging drops for three days to form embryoid
bodies (EB). The cells were infected with reovirus and three days post infection crystal violet analysis
was used to determine cell viability. Absorbance was read at 570 nm and normalised to untreated
control. The assays were performed in triplicate (n = 3). Error bars represent standard deviation.
Two-tailed paired student’s t-test was used to compare treated groups to untreated controls, * p < 0.05;
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** p < 0.01. (B) Human embryonic and induced pluripotent stem cells were differentiated into liver
organoids. Three days post infection cell viability was determined using crystal violet viability assay.
Replicates of six (n = 6) were used for hESCs organoids (H1 organoids) and replicates of nine (n = 9)
for hiPSCs organoids (4YA), * p < 0.05. (C). Error bars represent standard deviation. Two-tailed
paired student’s t-test was used to compare treated groups to untreated controls. No biological
replicates were performed for these experiments. (C,D) Murine EBs were then subjected to reoviral
infection (MOI 10) for a period of 3 days and proteins were harvested and Western blots performed.
(E,F) Human liver organoids were infected with reovirus (MOI 10) and three days post infection
proteins was harvested for Western blot analysis. Stem cell controls were infected with MOI 10 and
left for twenty-four hours before reoviral proteins were harvested. Relative protein quantification
was measured by normalizing capsid protein expression to actin controls for all Western blots (G,H)
Immunofluorescence imaging was performed on murine EBs and human liver organoids that had
been subjected to reoviral infection (MOI 10) for two days and three days in murine and human
samples respectively. Red—reovirus, Blue—DAPI. Scale bar is 50 μm.

In the case of human stem cells a method for directed differentiation was used. Cells
were again encouraged to form 3D spheres in the Aggrewell system. These aggregates were
then exposed to a variety of growth factors such as Activin A, Hepactocyte Growth Factor
and Fibroblast Growth Factor 4 to promote endodermal differentiation [67]. Differentiation
in human cells was allowed to proceed to stage three of the differentiation protocol where
liver organoids are produced. Organoids were characterised using immunofluorescence
imaging and the expression of liver-specific markers such as KRT7, CYP3A4, HNF4-α
and Sox9 was confirmed (Figure S2). hESCs (H1) cells and hiPSCs (4YA) organoids were
infected with reovirus and three days post-infection cell viability was determined. The cell
viability was not reduced upon infection (Figure 3B) and was much higher when compared
to stem cell populations (Figures 1B, 2B and S1). As organoids can vary in size and shape
this creates variability in the data. To reconcile this difficulty additional replicates (H1
n = 6 and 4YA n = 9) were included in these experiments. To determine if reovirus could
replicate within the organoids Western blotting and immunofluorescence imaging were
employed. Western blots of the hESC organoids showed a relatively high production of
reoviral proteins, especially when compared to embryonic stem cells (Figure 3E). This was
unexpected and the result was not echoed in the immunofluorescence images captured from
organoids where very little active reoviral replication was seen (Figure 3H). In differentiated
hiPSCs organoids some reoviral protein was detectable on the Western blot, although it
was much less than the protein production seen in hiPSCs (Figure 3F). Fluorescent imaging
showed a similar situation where some of the peripheral cells support reoviral replication
but the vast majority appeared refractory (Figure 3H).

In these experiments, murine and human stem cells become refractory to reoviral
infection after differentiation has taken place. In the case of murine cells this switch from
susceptible to refractory occurs relatively soon in the differentiation process, occurring
three days after LIF removal. These differentiated cells appear to be resistant to reoviral
lysis and there is a reduction in the amount of reoviral replication that is supported by
the cells. Reoviral capsid proteins are still observed in cells after differentiation occurs.
The production of reoviral proteins in some cells within differentiated cell populations is
indicative of replication. This is perhaps not surprising given that differentiation is not a
synchronous process and produces a population of heterogeneous cell types. The cells that
sustain reoviral replication may be slower to differentiate and more stem-like in character.
This may explain why only a few cells within the population support replication. This trend
is similar in the differentiated hiPSCs (4YA) where cytolysis and reoviral replication are not
supported after differentiation. This is in contrast to the differentiated hESCs (H1) where
Western blots indicate that reoviral replication occurs after differentiation has occurred but
the immunofluorescence images indicate that virus replication within this cell population
is limited. From these results it appears that pluripotency can modulate reoviral sensitivity
within healthy cells. This leads to a bigger question of whether cellular stemness varies
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within cancers such that the de-differentiated state within some cancers and not others
contributes to reoviral selectivity.

3.4. Induced Pluripotent Cancer Stem Cell Sensitivity to Reovirus

To investigate whether pluripotency programming in cancer cells could modulate
reoviral susceptibility, resistant mammary tumour cells were induced to become pluripotent
through the use of PiggyBac transposon vectors carrying the Yamanaka factors. Once these
induced pluripotent cancer stem cells were fully characterised, they were subjected to
reoviral infection and their sensitivity was investigated.

To investigate the role of pluripotency in regulating reoviral selectivity in the context of
a cancer, induced pluripotent cancer stem cells (ipCSC) were generated. A murine cell line
(N2O2) derived from mammary tumours in transgenic female mice of the MMTV-Neu strain
was tested for its sensitivity to reoviral cytolysis [60,79]. It was found that these cancerous
cells were resistant to reoviral lysis (Figure 4A). The N2O2 cells were reprogrammed using
a PiggyBac vector that expressed all four Yamanaka factors. Resulting ipCSCs (cell line
14ex-11) were characterised using immunofluorescence staining to detect OCT4, Nanog and
SSEA-1 expression (Figure S3A). Teratoma assays were used to determine the differentiation
potential of these cells and histochemical analysis revealed the formation of all three germ
layers indicating pluripotent potential in these cells (Figure S3B). IpCSCs were subjected to
reoviral infection and subsequent cell viability was determined (Figure 4A). The induction
of pluripotency within cancer cells enhanced reoviral susceptibility and transitioned the
cells from a resistant phenotype into a sensitive one. Western blot and immunofluorescence
imaging assays were conducted to determine the extent to which reoviral replication occurs
within parental cancer cells (N2O2) and ipCSCs. The ipCSCs and sensitive control L929
both produce reoviral capsid after initial infection while the N2O2 tumour cells were
unable to support active replication (Figure 4B). Fluorescent imaging confirmed this finding
showing that ipCSCs produced large amounts of reoviral protein while N2O2 cells did not
(Figure 4C).

These results show that reoviral sensitivity can be introduced into an initially resistant
breast cancer cell line through the induction of pluripotency programming. This is a
compelling finding as reoviral sensitivity has only been induced in cancers previously
through the activation of the RAS pathway. It is evident that pluripotency programming
creates a cellular environment that is conducive to reoviral infection, replication and lysis.
This strongly implicates reprogramming and pluripotency in the regulation of reoviral
tropism and particularly, it points to the involvement of the Yamanaka factors in the
mechanisms for regulating reoviral selectivity.

3.5. Bioinformatic Analysis of the Yamanaka Factors and Their Potential Role in Regulating
Reoviral Sensitivity

To investigate the pathways responsible for cellular susceptibility to reovirus, analysis
of the Yamanaka factors and the pathways they regulate was conducted, as one or a
combination of these factors may influence cellular responsiveness to virus.

To begin the bioinformatic investigation into the possible pathways involved in regu-
lating reoviral selection, a dataset with information regarding the sensitivity of cancer cell
lines to reovirus was created. Cell lines were identified by review of published analyses
of reoviral responses and deemed sensitive to reovirus if cytopathic effects were observed
after infection at MOI 20 or lower. A data set of 106 cell lines confirmed as sensitive or
resistant to virus was compiled, and among these normalised expression (RMA) data were
found for 27 sensitive and 10 resistant cell lines in the Genomics of Drug Sensitivity in
Cancer database.
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Figure 4. Induced pluripotent cancer stem cell sensitivity to reovirus. (A) Cancer cell line N2O2

derived from mammary tumours in mice and cognate ipCSC (14ex-11) were infected with reovirus at
various MOIs. L929 cells were used as a positive control. Cell viability was determined using crystal
violet assays three days after infection. The assay was performed in triplicate (n = 3). Absorbance
was read at 570 nm and normalised to untreated control. Error bars represent standard deviation.
(B) Western blot was conducted on proteins extracted from N2O2 and ipCSC cells three days post
infection (MOI 10). Relative protein quantification was measured from the Western blots by normalis-
ing capsid protein expression to actin controls. (C) Immunofluorescence imaging was also performed
on these cell lines one day post infection (MOI 10). Red—reovirus, Blue—DAPI. Scale bar is 50 μm.
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The analysis began by assessing differentially expressed genes in sensitive and resis-
tant cell types. Differential expression was analysed using linear models for microarray
data (limma) analysis to compare the resistant and sensitive cell lines. Four candidate genes
were identified, namely SNAP25, PON2, PRCD and C9orf16. PON2 showed promise as a
candidate for further investigation, as lower expression levels of this gene are associated
with differentiation. In PON2 knockouts, mice have an increase in the fraction of differ-
entiated stem cells [80]. PON2 gene expression was significantly upregulated in reoviral
sensitive cells (Figure 5A) which may be indicative of the stem-like nature of these cell
types. STAT5B directly modulates PON2 activity and there is a significant negative associ-
ation between PON2 and STAT5B expression in our cell lines of interest (Figure 5B) [81].
Interestingly, there was a trend toward down regulated STAT5B expression within reoviral
sensitive cells lines (Figure 5C). This led to an investigation into the relationship between
STAT5B, PON2 and the Yamanaka factors within the cell lines of interest. Of the four factors
investigated KLF4 showed a significant negative correlation with STAT5B expression and a
positive one with PON2 expression (Figure 5D,E). These associations provide intriguing
new leads for further research and require further experimental validation.

To further the analysis of the potential involvement of Yamanaka factors in reoviral
selectivity, expression data from TCGA were analysed to determine patterns of expression
in cancers derived from patient samples. A heat map generated using data from TCGA
(BRCA- breast cancers) showed that OCT4 and MYC were overexpressed in basal-like
breast cancers while SOX2 and KLF4 were down regulated in this subtype (Figure 5F). A
multivariate linear analysis was performed and indicated that OCT4, MYC and KLF4 were
independently and significantly associated with the basal subtype. While OCT4 (t = 27.175;
p < 2 × 10−16) and MYC (t = 7.807; p = 1.38 × 10−14) had a positive association, KLF4
(t = −6.698; p = 3.39 × 10−11) had a negative association.

The four Yamanaka factors do not function in isolation and they have specific patterns
of expression that regulate reprogramming and induction of pluripotency. To determine if
there was a correlation among the expression levels of the four Yamanaka factors in different
cancers, a Spearman correlation coefficient was calculated for the expression of OCT4, KLF4,
SOX2, MYC, in a pan-cancer analysis that included all cancer types (Figure 5G) as well as a
targeted breast cancers analysis (Figure 5H). MYC and KLF4 expression showed the most
highly correlated expression profile (r = 0.35, p < 0.05) in the pan-cancer analysis while
OCT4 and MYC expression was most positively correlated in the breast cancer analysis
(r = 0.29, p < 0.05). These mild associations may provide clues for further investigation into
pluripotency regulation within cancers and how this may be involved in contributing to
susceptibility to reoviral cytolysis.

This bioinformatic analysis of resistant and sensitive cell lines brought novel leads
for mechanistic insight into view. The role of PON2 in reoviral replication and cytolysis
has yet to be determined. The interactions between KLF4, STAT5B and PON2 in reoviral
tropism present an exciting opportunity for further assessment and may have a novel role
in viral replication that has yet to be elucidated. Expression of OCT4 and MYC present
an interesting avenue of investigation, particularly in basal breast cancer subtypes and
may yield interesting insights into the mechanisms regulating reoviral selectivity in breast
cancers. It is interesting to speculate about the relevance of these associations, as basal breast
cancer are more stem-like in their characteristics, which implies these tumour types may be
more responsive to reoviral therapy. Additionally, there are numerous redundant pathways
that regulate pluripotency such as sonic hedgehog, notch, WNT, bone morphogenic protein,
and Janus family kinase (JFK) pathways that may also contribute to reoviral selectivity but
were not investigated in this study. The fact that embryonic and induced pluripotent stem
cells are exquisitely sensitive to infection while their differentiated counterparts remain
refractory are strong indicators that either the Yamanaka factors or additional dependent
pluripotency programs are involved.
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Figure 5. Bioinformatic analysis of Yamanaka factor expression and reoviral selectivity. (A) A Wilcoxon
rank sum test was used to compare PON2 expression in resistant and sensitive cell types while box
plots indicate the distribution of PON2 expression data within this dataset, p = 0.001. (B) Spearman
correlation analysis was used to investigate the correlation between PON2 and STAT5B expression.
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STAT5B is negatively associated with PON2 expression in cancer cell lines p < 0.001. (C) STAT5B
expression is down regulated in cancer cells that are sensitive to reoviral cytolysis. A Wilcoxon rank
sum test was used to compare STAT5B expression in resistant and sensitive cancer cell types, p = 0.053.
Box plots indicate the distribution of STAT5B expression. (D) To investigate the relationship between
KLF4 and STAT5B expression Spearman correlation analysis was performed. KLF4 expression nega-
tively correlates with STAT5B expression r = −0.45 and p = 0.005. (E) KLF4 expression is positively
associated with PON2 expression in cancer cell lines. Spearman correlation analysis was performed
and r = 0.31, p = 0.06. (F) The Heat map demonstrates the relationship between the expression levels
of each of the Yamanaka factors in differing breast cancer subtypes. Expression values were log2 trans-
formed and Z-scores normalised. Hierarchical clustering was performed using Euclidean distancing.
Additional annotation tracks were included for the breast cancer subtypes. (G) Associations between
the Yamanaka factor expression levels were analysed in a group of 30 different cancer types from
the TCGA. Expression data from nearly 10 000 samples were evaluated and Spearman correlation
coefficients were calculated for OCT4, KLF4, SOX2, MYC. p < 0.05. Mild associations between KLF4
and OCT4 as well as KLF4 and MYC expression were identified. (H) Expression data for breast
cancers were taken from the TCGA database and assessed to determine the presence of associations
between Yamanaka factor expression levels. Gene expression data from 1092 samples was considered
while performing Spearman correlation calculations for OCT4, KLF4, SOX2 and MYC. p < 0.05. Mild
associations between MYC and OCT4 expression were noted in this cancer subtype.

4. Discussion

Oncolytic viral therapies are an emerging anti-cancer strategy. Reovirus is a well-
studied OV that is the only wild type virus to gain FDA approval. However, despite the
initial pre-clinical promise of reovirus, results from the clinic have shown benefits for only
a fraction of patients, and consequently there have been efforts to improve therapeutic
efficacy [23,82–85]. The mechanisms governing reoviral tropism in cancers are not well
defined and are a topic of debate. Reovirus is capable of infecting and lysing cancer cells
and cancer stem cells, and, as shown here, healthy ESCs. Intriguingly, adult (mesenchymal
and hematopoietic) stem cells appear to be refractory to infection [76,86]. In light of the
recent view that pluripotency induction shares similar pathways with carcinogenesis, it is
possible to suggest that the same subset of genes that are activated in some cancers may
also be up-regulated in pluripotent cells, thereby rendering them permissive to infection.
This led us to speculate that the pathways responsible for stemness in cancer and in
embryonic cells also modulate reoviral susceptibility. Here we characterised the ability
of reovirus to infect and kill both murine and human embryonic stem cells. We further
demonstrated that reovirus can lyse induced pluripotent stem cells while their original,
non-reprogrammed counterparts remained refractory. Differentiation of both embryonic
and induced pluripotent stem cells altered the cells’ reoviral sensitive state to a resistant one.
Additionally, murine mammary cancer cells that were non-responsive to reoviral lysis were
reprogrammed using the Yamanaka factors. The newly established ipCSCs were strikingly
susceptible to infection and oncolysis. Finally, we briefly investigated the potential role of
the Yamanaka factors in regulating this switch through bioinformatic analysis. These data
strongly suggested that stemness and the differentiation status of a cell may contribute to
regulating the successful oncolytic infection of reovirus.

Viruses such as reovirus with inherent tropism for transformed cells are potentially
a powerful tool that can be used to understand mechanisms of oncolytic selection, which
may contribute to the development of novel cancer specific therapies. The outcome of
successful viral replication and lysis is thought to be largely dependent on cellular signalling.
Innumerable changes within the cell are required for oncogenesis, making it difficult to
pinpoint the essential targets for successful therapies. The improvement of viruses as
oncolytic agents hinges on understanding the unique set of conditions that provide a
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beneficial niche for viral replication. Elucidating the pathways governing reoviral selectivity
will aid the development of biomarker panels for patient screening and enable the rational
design of drug combination strategies for enhancing reoviral efficacy. Additionally, an
understanding of the basis for tumour-selective replication could result in the discovery of
new targets for small molecules and aid in the development of novel engineering strategies
for OVs.

Precision medicine strategies attempt to improve the application of anti-cancer ther-
apies by using biomarkers to predict a patient’s response to a therapy. This approach
takes into account the variability of the tumour’s genetic landscape, patient characteristics
and cellular environment to determine the most effective therapeutic approach to treat-
ing a specific cancer [87,88]. Establishing a panel of predictive markers for response to
oncolytic viruses could help maximise clinical response and minimize off-target adverse
events [88]. Oncolytics Biotech Inc. has already begun screening patients in their clinical
trials based on KRAS mutation, BRAF mutation, and EGFR mutational status and amplifi-
cation (NCT00861627, NCT01274624) [24]. Even so, despite intense research into reoviral
replication there is no single biomarker that unambiguously indicates whether cytolytic
infections will occur. This is perhaps not surprising as a multitude of signalling events
must coincide to enable for productive infections. Delivery, attachment, entry, replication
and apoptosis induction are all collectively required for successful oncolytic replication.
Based upon the research described here, stemness may in the future be added to the list of
requirements for successful infection and lysis. Indeed, Dick’s group developed a 17 gene
stemness score to predict patient responses in acute leukaemia. It is therefore feasible that
this type of biomarker panel can also be used to predict responses to reoviral treatment in
the future [89]. Factors such as JAM-A, L and B cathepsin and β-integrin expression, RAS
activation, and Yamanaka factor expression may all contribute to permissive phenotypes
but not be permissive for replication in isolation [32,36,90–92]. A better understanding of
the molecular mechanisms governing selective reoviral replication (for example, might
Yamanaka factor expression modulate other pathways, such as JAM-A, cathepsins, etc.?)
will aid in the development of a panel of biomarkers that can accurately and effectively be
used to predict oncolytic success in patients, thereby optimising treatments.

The complexity and heterogeneity of tumours as well as their ability to develop
resistance to single treatments (monotherapy) has fueled investigations into combination
therapy for cancers. While oncolytic vectors are multimodal in their approach to eliminating
cancers, their combination with standard treatment options and other viruses are topics
of considerable research in a bid to improve their efficacy in the clinic [24,25]. Reovirus is
an ideal candidate for combination therapeutics as it has minimal side effects in patients.
In an attempt to rapidly translate reovirus from bench to bedside it has already been
tested in combination with numerous chemotherapeutics as well as radiation therapy,
thereby enhancing efficacy of both [8,18,23]. Exploration and discovery of the pathways
and mechanisms responsible for reoviral selective infection will permit a more rational
approach to drug combinations, allowing for the development of perhaps unexpected
yet synergistic anti-cancer strategies. This may be particularly evident when considering
stemness as a factor modulating reoviral tropism.

The next step in furthering the investigation into the role of pluripotency and stemness
in regulating reoviral selectivity would be to infect teratomas in murine models and employ
histochemical analysis and single cell sequencing to investigate the expression profile of
cells within a tumour that is readily infected by reovirus. This would be fascinating in the
context of a teratoma model as these tumours can produce differentiated tissue types from
all three germ layers (mesoderm, ectoderm and endoderm). We earlier showed that wild
type reovirus is capable of reducing the size of teratomas in NOD/SCID mice, although we
did not investigate which cells within these tumours were readily infected [59]. It would
be interesting to determine if differentiated tissues within the teratomas are susceptible
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or whether only stem-like cells within a tumour support infection and lysis. A similar
approach could be taken with investigations into patient biopsies. Further investigations
into the expression profiles of human cancer stem cells derived from breast tumours that
have been shown to be responsive to reoviral infection may also help with this analysis [57].
The extent to which the Yamanaka factors are expressed in these cells may yield further
insights into their role in regulating reoviral selection.

Although our bioinformatic analysis did not definitively elucidate the mechanism
responsible for reoviral selectivity, it has provide novel avenues for investigation. In cell
line analysis KLF4/STAT5B and PON2 signalling may contribute to regulating reoviral
permissiveness. As KLF4 acts in concert with SOX2 and OCT4 it would be interesting to
determine the combined roles of these factors in establishing reoviral susceptibility. The
bioinformatic analysis of TCGA suggests that combinations of MYC and KLF4 as well as
OCT4 and MYC were important for permissive cancers. It would also be interesting to
determine the role of c-MYC in reoviral replication and whether it is an essential factor in
regulating sensitivity. Reprogramming cells using only OCT4, SOX2 and KLF4 would be
an interesting approach to testing this, as these factors can reprogram cells with reduced
efficacy. Additionally, it would be intriguing to determine what role if any Nanog plays in
establishing a suitable niche for reoviral replication, as stemness appears to be a key factor
influencing replication. It may be of value to reprogram cells using entirely separate factors
such as Lin28, Oestrogen related receptor β, Nanog, nuclear receptor subfamily 5 group A
member 2 and TCL1A, all of which can promote reprograming by replacing OSKM [93].
This may be another approach to further investigate the extent to which pluripotency and
stemness regulate reoviral selectivity.

Finally, if our proposal that cellular stemness modulates reoviral oncolysis is correct,
we are left with the challenge of reconciling this explanation with that of Lee’s group,
which earlier posited a critical role for Ras pathway activation in promoting reoviral
oncolysis [6–35]. As we and others have observed (see our accompanying manuscript [94]),
the correlation between Ras activation and reoviral activity is good but imperfect, with
many exceptions. Thus we are led to speculate that cells able to adapt to chronic Ras-
mediated signalling may become cancerous, in part, by sometimes activating stemness
pathways that also confer reoviral susceptibility. We are therefore intrigued by the recent
observation that Ras expression can modulate miRNA signalling, opening new possibilities
for altering multiple downstream pathways, including cellular stemness [95]. In addition,
an investigation of primitive gut stem cells or induced stem cells in the digestive tract
that are possible natural hosts for viral infection in humans and other animals could yield
further insights into mechanisms of viral cytolysis [96]. Clearly much further work would
be needed to explore this or other mechanisms that may link variable Ras activation, cellular
stemness, oncogenic progression and reoviral susceptibility.

5. Conclusions

Many factors may contribute to reoviral selectivity in cancer cells. For the first time, this
study demonstrates that reprogramming differentiated cells into more stem-like progeny
can make them permissive to reoviral cytolysis. Induction of stemness phenotypes pro-
motes reoviral infection in previously resistant cell types in both healthy and cancerous
cell lines. The regulatory networks involved in reprogramming have not yet been fully
investigated for their involvement in regulating reoviral tropism. It is evident that the stem
cell properties of cancers contribute to the most dangerous and clinically relevant aspects of
cancer biology. Understanding the similarities and differences in the responses to reoviral
infection could lead to the discovery of novel strategies for cancer therapeutic intervention.
Further investigation into the regulatory networks within the cell that facilitate reoviral
tropism are essential for advancing reovirus as an oncolytic agent. This fundamental
knowledge will enable biomarker selection, rational drug combinations and ultimately
contribute to enhancing the safety, specificity and potency of reoviral therapy.
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Abstract: We have previously demonstrated that both the original γ-globin lentiviral vector (LV)
GGHI and the optimized GGHI-mB-3D LV, carrying the novel regulatory elements of the 3D HPFH-1
enhancer and the 3’ β-globin UTR, can significantly increase HbF production in thalassemic CD34+

cells and ameliorate the disease phenotype in vitro. In the present study, we investigated whether
the GGHI-mB-3D vector can also exhibit an equally therapeutic effect, following the transduction of
sickle cell disease (SCD) CD34+ cells at MOI 100, leading to HbF increase coupled with HbS decrease,
and thus, to phenotype improvement in vitro. We show that GGHI-mB-3D LV can lead to high and
potentially therapeutic HbF levels, reaching a mean 2-fold increase to a mean value of VCN/cell
of 1.0 and a mean transduction efficiency of 55%. Furthermore, this increase was accompanied by
a significant 1.6-fold HbS decrease, a beneficial therapeutic feature for SCD. In summary, our data
demonstrate the efficacy of the optimized γ-globin lentiviral vector to improve the SCD phenotype
in vitro, and highlights its potential use in future clinical SCD trials.

Keywords: sickle cell disease; thalassemia; globin gene therapy; γ-globin lentiviral vector; HbF;
HPFH enhancers; -117 HPFH type; CD34+ hematopoietic stem cells

1. Introduction

Sickle cell disease (SCD) is a monogenic disorder caused by a single amino acid
substitution in the β-globin gene (glu(E)6Val(A); GAG → GTG; rs334), which results in
a multi-organic disease phenotype [1–3]. It is characterized by the polymerization of
deoxygenated sickle hemoglobin (HbS; a2β

S
2), leading to sickle-shaped red blood cells, and

thus, to vaso-occlusion and hemolytic anemia, which are accompanied by organ damage
and painful crisis [4,5]. Patients with SCD have a shortened life span, and suffer from
severe clinical manifestations, such as acute painful episodes, leg ulcers [6,7], osteonecrosis,
chest pain, priapism, stroke, silent cerebral infarction, systemic high blood pressure, and,
less frequently, from sickle vasculopathy [8,9].

The beneficial effect of fetal HbF on SCD outcome becomes apparent as early as
6 months after birth, where high levels of HbF lead to asymptomatic disease. SCD patients
who continue to produce increased (>20%) γ-globin levels in adult life exhibit a less
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severe phenotype [4,10], primarily due to decreased HbS polymerization [8,10]. Therapies
utilizing HbF inducers, such as 5-azacytidine [11,12] and hydroxyurea (HU) [13–15], or
blood transfusion, combined with iron chelation, offer relief to SCD patients [16], as they
alleviate disease symptoms.

Alternative therapeutic approaches, such as gene therapy, can also be curative in SCD,
as reported by Ribeil et al. in a clinical trial where a patient with severe SCD underwent gene
therapy and exhibited a high proportion of anti-sickling hemoglobin post transplant, which
accounted for 45% of the total hemoglobin production [17]. Gene therapy studies utilizing
LVs containing either an anti-sickling βT87Q-globin or γ-globin transgenes was shown to
ameliorate the SCD clinical manifestation either in vivo in SCD mouse models [18–20] or
in vitro using CD34+ cells from SCD patients [21–24]. Additionally, the incorporation of
small hairpin RNA (shRNA) in therapeutic globin LVs, either for simultaneous reduction in
βS transcripts [25] or for down-regulation of the BCL11A expression [26], can lead to SCD
phenotype correction. Furthermore, the role of many miRNAs that bind to transcription
factors such as BCL11A, GATA-1, KLF-1, and MYB, is crucial in reactivating the γ-globin
gene expression [27,28]. To this end, Sankaran et al. showed that there is a delay in silencing
and persistence of fetal hemoglobin coupled with an elevation in embryonic hemoglobin
in newborns, attributed to miR-15a and miR-16-1 directly targeting MYB [29,30]. Finally,
following the gene editing approach, Magis et al. recently managed to successfully correct
the sickle cell mutation in more than 30% of the long-term engrafting hHSCs, using a
high-fidelity Cas9 nucleoprotein (RNP) and a single-stranded oligonucleotide donor [31].
Corrected erythroblasts showed a clear dominance of the corrected allele over null β-
thalassemia alleles produced by non-homologous end joining (NHEJ), demonstrating a
marked survival advantage in vivo [31].

We have previously demonstrated that the original LCR-free, self-inactivating (SIN),
insulated γ-globin lentiviral vector GGHI [32], containing the HPFH-2 enhancer element
(shown to lead to elevated HbF levels [33,34]), the -117 activating HPFH mutation of the
Aγ gene promoter, and the HS-40 enhancer from the α-globin locus [35], led to in vitro
correction of the thalassemic phenotype [32]. The use of the HS-40 enhancer element
instead of the LCR core elements of the β-globin locus was shown to efficiently enhance
the expression of the Aγ-globin gene, and was also associated with high functional titers
and genomic stability [32,34], features that the globin vectors containing several LCR ele-
ments usually lack, while they are prone to genomic rearrangements and trans-activation
of cancer-related genes [36,37]. Furthermore, in the novel, improved GGHI-mB-3D vec-
tor [38], we have incorporated the 3D enhancer element of the naturally occurring HPFH-1
deletion [39,40], along with the β-globin gene 3’ UTR [18], and pseudotyped it with the
alternative BaEVRless envelope glycoprotein [41,42], which resulted in high and stable
HbF expression at low multiplicities of infections (MOIs) in thalassemic CD34+ cells.

Based on the previous successful performance of both vectors in thalassemic CD34+

cells, in this study, we evaluated their ability to correct the SCD phenotype in vitro. To
this end, CD34+ cells from non-mobilized peripheral blood of SCD patients were trans-
duced with the GGHI or GGHI-mB-3D vectors, pseudotyped with the VSVG envelope
glycoprotein. We show that transduction with the optimized GGHI-mB-3D vector leads
to a significant increase in the Aγ/α ratio and HbF, along with a concomitant decrease
in HbS in our patient cohorts, thus demonstrating an increased potential of improving,
as well, the SCD phenotype in vitro compared to GGHI. The above effects were achieved
at a transduction efficiency of 55% and a clinically relevant mean vector copy number
(VCN)/cell of 1.0.

2. Materials and Methods

2.1. Virus Production and Titration

GGHI and GGHI-mB-3D LVs were produced by transient co-transfection of HEK
293T cells using a third-generation lentiviral system [43,44] comprising the following
plasmids: vector (GGHI or GGHI-mB-3D), packaging plasmids (pMDLg/pRRE and pRSV-
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Rev), and envelope plasmids encoding the vesicular stomatitis virus glycoprotein VSVG
(pMD2.VSVG). All accessory plasmids were generously donated by Dr Luigi Naldini (addi-
tional information on these plasmids can be also found at www.addgene.com) (accessed
on 1 December 2022). Virus-containing supernatant was collected at 48 h and 72 h fol-
lowing transfection, as previously described by Papanikolaou et al. [45]. Viral titers were
determined by transducing 5 × 105 mouse erythroleukemia (MEL-585) cells, using serial
dilutions of concentrated virus, followed by their induction to erythroid differentiation
using 10 μM hemin (Sigma-Aldrich, St. Louis, MO, USA) and 3 mM of HMBA (N,N′-
hexamethylene bisacetamide, Sigma-Aldrich, St. Louis, MO, USA). HbF expression was
measured by fluorescence-activated cell sorter scanner (FACS) using an anti-HbF FITC
conjugated monoclonal antibody (BD Biosciences, Franklin Lakes, NJ, USA).

2.2. Human CD34+ Stem Cell Isolation and Transduction: Sample Collection and Processing

We used CD34+ hematopoietic stem cells isolated from five homozygote patients for
SCD (βSβS) and five compound heterozygotes (βSβ+) for SCD and β-thalassemia. All
samples were obtained from non-mobilized peripheral blood and harvested from volunteer
donors, using protocols approved by the Institutional Review Board of the Laiko General
Hospital of Athens, in accordance with the Helsinki declaration of 1975. Informed consent
was obtained from all subjects involved in the study. All samples were obtained shortly
before the next scheduled blood transfusion. CD34+ cells were isolated from mononuclear
cells using an EasySep™ Human CD34 Positive Selection Kit (Stem Cell Technologies,
Cambridge, UK), according to the manufacturer’s instructions. Samples obtained were
>90% enriched with CD34+ cells, and were further cultured for up to 21 days in erythroid
liquid cultures, as described previously [32,38]. Analyses of liquid cultures included high-
performance liquid chromatography (HPLC) and flow cytometry for the assessment of
the Aγ/α ratio, and HbF and HbS production, and flow cytometry for the assessment of
apoptosis using the Annexin V/7-AAD detection kit (BioLegend, San Diego, CA, USA) on
day 20–21. At day 20–21, 105 cells were removed from culture and used for RNA isolation,
as described below. A schematic representation of the experimental procedure is shown in
Figure S1A.

2.3. Reversed-Phase High-Performance Liquid Chromatography (RP-HPLC) Analysis for Globin
Chain Aγ/α Ratio Quantitation

Reversed-phase high-performance chromatography was performed with slight mod-
ification of published methods [46]. In brief, cell material was pelleted at 2000 RCF for
10 min and resuspended in H2O supplemented with 5 mM dithiothreitol at a concen-
tration of 20,000 cells/μL. Following two freeze–thaw cycles and a 10 min centrifuga-
tion at 21,000 RCF at 4 ◦C, the supernatant was transferred to 100-μL HPLC microvials
(Altmann Analytik, Munich, Germany), and 10–30 μL were injected per run. Analyses
were performed on a Prominence HPLC machine with SPD-M20A diode array detector
and LC-20AD pump (Shimadzu, Kyoto, Japan), in combination with a Jupiter 5 μm C18
4.6 mm column and corresponding guard columns (Phenomenex, Torrance, CA, USA)
using an increasing gradient of phase B, i.e., 0.1% trifluoroacetic acid in acetonitrile (Sigma-
Aldrich, St. Louis, MO, USA), against phase A, i.e., 0.1% trifluoroacetic acid (Sigma-Aldrich,
St. Louis, MO, USA) and 6.4 mM sodium hydroxide.

2.4. Hemoglobin Electrophoresis and Cation Exchange HPLC (CE-HPLC) for HbF and HbS
Quantitation

HbF and HbS quantification in βSβ+ samples was performed using the Hydragel-
Hemoglobin(e) K20 kit (SEBIA, Lisses, France) according to the manufacturer’s instructions.
Briefly, 106–107 cells were harvested from liquid cultures on day 20–21 and hemolyzed
using 10–20 μL of hemolyzing solution; 10 μL of the hemolysate was loaded onto a Hy-
dragel K20 application carrier according to the manufacturer’s instructions. HbF and
HbS quantification was performed using QuantityOne software (Bio-Rad, CA, USA) and
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densiometric analysis. HbF and HbS quantification in βSβS samples was performed by
CE-HPLC as described previously by Papanikolaou et.al [32].

2.5. RNA Analysis and Measurement of γ-Globin Transcript Levels Using Quantitative Real-Time
PCR

Quantitation of γ-globin transcripts was carried out employing quantitative real-time
PCR (qPCR) using SYBRTM Green mix (Kapa Biosystems, Wilmington, MA, USA), and
performed on a CFX ConnectTM Real-Time System (Bio-Rad, Hercules, CA, USA). For
the quantification of γ-globin production from erythroid cultures, total RNA was isolated
from both mock-transduced and transduced CD34+ cells maintained at day 20–21, using
the RNeasy kit (Qiagen, Germantown, MD, USA) and according to the manufacturer’s
instructions. A quantity of 5–500 ng of total RNA was reverse transcribed to cDNA using
the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA),
and 20 ng of c-DNA was subjected to qPCR analysis. Production of γ-globin was measured
using the following primers: gamma F: 5′-GCCATAAAGCACCTGGATGA-3′, and gamma
R: 5′-GATTGCCAAAACGGTCACC-3′. The human α-globin gene was used as a reference
gene using the following primers: alpha-globin F: 5′-CACGCTGGCGAGTATGGTG-3′ and
alpha-globin R: 5′-TTAACCCTGGGCAGAGCCGT-3′. Fold increase in γ-globin mRNA
in transduced and mock-transduced cell populations was calculated using the ΔΔCt [47]
method. Measurements of human γ-globin mRNA levels were performed in duplicate for
each sample. The amplification was carried out according to the conditions suggested by
the manufacturer.

2.6. Flow Cytometry

Transduced MEL-585 cells were induced towards erythroid phenotype and were
then processed for flow cytometry analysis as previously described [38], using an anti-
HbF FITC-conjugated monoclonal antibody (BD Pharmingen, Franklin Lakes, NJ, USA).
Similarly, CD34+ cells from erythroid cultures were stained with both anti-HbF FITC and
anti-Glycophorin A-PE conjugated monoclonal antibodies (BD Pharmingen, Franklin Lakes,
NJ, USA) and subjected to flow cytometry analysis.

Apoptotic assays were performed on cells derived from erythroid cultures on day
20–21, employing FITC using the Annexin V/7-AAD detection kit with 7-AAD (BioLegend,
San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, cells were
washed twice with cold PBS, containing 1% FBS, and resuspended in Annexin-V Binding
buffer at a concentration of 0.25–1 × 107 cells/mL. Cells were then incubated for 15 min at
room temperature in the dark, and analyzed by flow cytometry within an hour.

All samples were analyzed in a Cytomics FC 500 (CXP) Series Flow Cytometry System
(Beckman Coulter, Nyon, Switzerland). Flow cytometry analysis was performed using
FlowJo 10.8.1 analysis software.

2.7. Determination of Vector Copy Number and Transduction Efficiency

In order to assess the vector transduction efficiency, 10–20 burst-forming units (BFUe)
per patient were subjected to semi-quantitative PCR analysis using the primers gamma
F/R described above. DNA was isolated with the QIAamp DNA Micro Kit (Qiagen, MD,
USA) according to the manufacturer’s instructions. Vector transfer efficiency in CD34+

cells was determined by assessing the proportion of BFUe colonies that tested positive
for vector sequences. Those tested positive for vector-specific sequences were further
subjected to absolute quantitation with qPCR analysis for VCN determination, using the
primers gamma F/R and the hRNAseP primers, as previously described [38]. Analysis
of each sample was performed in duplicate, using SYBRTM Green mix (Kapa Biosystems,
Wilmington, MA, USA) and according to manufacturer’s instructions.
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2.8. Statistical Analysis

Repeated-measures ANOVA, followed by post hoc Tukey tests, were used to detect
statistically significant differences among different treatments, and paired two-tailed Stu-
dent’s t-tests for pairwise comparisons, unless stated otherwise. Pearson’s r correlation
coefficient was applied for correlation between values. Statistical analyses were performed
using Prism 9.3.1, IBM SPSS 28, and R 4.0.0 software, while graph creation was conducted
with Prism 9.3.1 software.

3. Results

3.1. GGHI and GGHI-mB-3D LVs Exhibit High Titers

Both GGHI and GGHI-mB-3D LVs exhibited high mean titers; specifically, 1.63 × 108

TU/mL (n = 6) and 1.56 × 108 TU/mL (n = 5), respectively (Figure S1B). No statistical
difference was observed between the mean values of GGHI and GGHI-mB-3D LVs titers
(p = 0.902, unpaired two-tailed t-test).

3.2. Increased Aγ/α Chain Ratio in SCD CD34+ Cells following Transduction with GGHI-mB-3D
Lentiviral Vector

Non-mobilized peripheral blood CD34+ cells from ten SCD patients were isolated
and processed. Five were homozygotes for the sickle cell disease mutation and five were
compound heterozygotes for SCD and β-thalassemia (βSβ+). All patients had four intact
α-globin genes. Typical yields from an initial volume of 20 mL of peripheral blood ranged
from 2 × 105 to 106 CD34+ cells. All patients were receiving HU, and therefore, initial
HbF levels were high, reaching a mean percentage of 68.3 ± 14.2% in erythroid cultures,
as detected by flow cytometry. Baseline levels of HbF and HbS prior to HU treatment are
shown in Figure S2A,B (upper panel).

We initially asked whether both GGHI/VSVG and GGHI-mB-3D/VSVG γ-globin vectors
(Figure 1A), previously tested on CD34+ cells from thalassemia patients [32,38], could increase
the Aγ/α ratio in SCD patients as well. To this end, we isolated CD34+ cells from SCD donors
and cultured them under serum-free conditions for 18 h, dividing them into three cell aliquots;
two subpopulations were transduced with each type of γ-globin vectors for 24 h, while the
third was mock-transduced and served as a control. In both cases, and since our vectors were
both pseudotyped with the conventional VSVG envelope glycoprotein, the MOI used was
100, as described by Papanikolaou et al. [32]. Next day, the cells were washed twice in PBS
and resuspended in erythroid medium, as described in Section 2.

RP-HPLC analysis demonstrated that GGHI-mB-3D-transduced cells led to a highly
significant increase in mean Aγ/α chain ratio (p = 0.02, n = 9) (Figure 1B, left panel);
specifically, from 0.23 ± 0.08 observed in the control to 0.28 ± 0.08 (Table 1), with a mean
difference of 0.056 ± 0.057 (Figure S3A). On the contrary, and under the aforementioned
conditions, GGHI LV failed to do so, leading to a mean Aγ/α ratio of 0.27 ± 0.11 (p = 0.30,
n = 9), as presented in Table 1. However, no statistical difference was observed between
GGHI and GGHI-mB-3D LVs (p = 0.74, n = 9).
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Figure 1. In vitro assessment of γ-globin lentiviral vectors (LVs) in SCD CD34+ cells: (A) The structure
and the individual regulatory elements of the GGHI and GGHI-mB-3D LVs shown as proviral elements.
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The grey triangle represents the 398 bp deletion in the cHS4, the black triangle shows the 713 bp
deletion in the Aγ cassette, and the asterisk depicts the -117 point mutation in the Aγ promoter.
(B) Before-and-after plot showing Aγ/α globin chain ratios obtained with RP-HPLC across patients,
prior and post transduction, with GGHI (p = 0.297, n = 9, paired two-tailed t-test) and GGHI-mB-3D
(p = 0.0189, n = 9, paired two-tailed t-test) LVs (left panel). Before-and-after plots showing Aγ/α
globin chain ratios in the βSβS and βSβ+ patient cohort, prior and post transduction, with GGHI and
GGHI-mB-3D LVs (right panel). For βSβS patient cohort GGHI (p = 0. 41, n = 5, paired two-tailed t-test)
and GGHI-mB-3D (p = 0.14, n = 5, paired two-tailed t-test), and for βSβ+ patient cohort GGHI (p = 0.45,
n = 4, paired two-tailed t-test) and GGHI-mB-3D (p = 0.12, n = 4, paired two-tailed t-test). (C) RP-HPLC
chromatograms from Patient 5 (left panel) and Patient 10 (right panel). Percentages shown are relative
to the sum of the highlighted peaks. Each dot corresponds to each patient. * p ≤ 0.05.

When patients were divided according to genotype, transduction of βSβS and βSβ+

cohorts with both GGHI and GGHI-mB-3D LVs showed a trend, but not a statistically sig-
nificant increase. Specifically, as shown in Figure 1B (right panel) and Table 2, transduction
with the GGHI-mB-3D lentiviral vector led to a Aγ/α ratio increase from 0.18 ± 0.06, ob-
served in the mock-transduced cells, to 0.23 ± 0.03 (p = 0.14, n = 5), while the corresponding
value post transduction with GGHI was 0.24 ± 0.14 (p = 0.41, n = 5). Mean Aγ/α ratio
achieved by GGHI and GGHI-mB-3D LVs did not test significantly different (p = 0.86, n = 5).
In the case of the compound heterozygote βSβ+ patient cohort, the majority of patients
showed an increase in the Aγ/α ratio post transduction, with GGHI-mB-3D reaching a
mean 0.35 ± 0.06 compared to 0.29 ± 0.06 seen in mock-transduced cells (p = 0.12, n = 4)
and GGHI 0.31 ± 0.08 (Figure 1B, right panel, Table 3). Figure 1C shows RP-HPLC chro-
matograms of representative experiments, and specifically, βSβS SCD Patient 5 and βSβ+

SCD Patient 10, prior and post transduction, with GGHI-mB-3D. Transduction with the
aforementioned LV led to a Aγ/α ratio increase from 0.16 to 0.26 in Patient 5 (Figure 1C,
left panel), and from 0.31 to 0.42 in Patient 10 (Figure 1C, right panel).

3.3. Increased Percentage of F-Cells following Transduction with GGHI-mB-3D Lentiviral Vector

The progression of differentiation in liquid cultures was assessed at day 20–21 by flow
cytometry, using anti-HbF and anti-CD235a antibodies. Cells stained positive for both
markers will be referred to as F-cells from this point onwards. Summarized results of F-cell
percentages are depicted in Tables 1–3. Flow cytometry and repeated-measures ANOVA
showed that transduction of only the βSβS cohort with both GGHI and GGHI-mB-3D LVs
leads to statistically significant increase in F-cell percentage (F (2,12) = 5.81, p = 0.028). MFI
did not test significantly different between samples. More specifically, and regarding F-cells
in the βSβ+ cohort (Figure 2A), there was no significant increase following transduction
with GGHI (p = 0.746, n = 5) or GGHI-mB-3D (p = 0.758, n = 5), while in the case of βSβS

patients (Figure 2B), both vectors led to significant increase in F-cells. Transduction with
either GGHI or GGHI-mB-3D led to 73 ± 4.5% and 73 ± 4.8% of F-cells, respectively (mean
difference between GGHI and Ctrl of 3.9 ± 2.87, and between GGHI-mB-3D and Ctrl of
3.98 ± 3.12, Figure S3A), compared to 69 ± 5.7% observed in the control (p = 0.038 and
p = 0.046, n = 5, respectively). Mean F-cell increase did not exceed 6% for both vectors
(Figure 2B, right panel). In the representative experiment of Patient 5, GGHI led to 74.1%
of F-cells and GGHI-mB-3D to 77.1%, compared to 68.4% seen in the control (Figure 2C,
Tables 1 and 2). Erythroid differentiation in βSβS liquid cultures (days 20–21), exceeded
90% as measured by CD235a expression, demonstrating no statistical difference prior and
post transduction, either with GGHI (p = 0.27, n = 5) or GGHI-mB-3D (p = 0.22, n = 5)
LVs (Figure 2D (left panel) and Figure S2C). Figure 2D (right panel) shows representative
percentages of CD235a expression Patient 5 at the end of differentiation.
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Figure 2. Increased production of F-cells in βSβS SCD CD34+ cells: (A) Before-and-after plot showing
F-cell percentages before and after transduction of βSβ+ SCD CD34+ cells with GGHI (p = 0.746, n = 5,
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paired two-tailed t-test) and GGHI-mB-3D (p = 0.758, n = 5, paired two-tailed t-test) LVs at MOI
100. (B) Before-and-after plot showing F-cell percentages before and after transduction of βSβS

SCD CD34+ cells with GGHI (p = 0.038, n = 5, paired two-tailed t-test) and GGHI-mB-3D (p = 0.046,
n = 5, paired two-tailed t-test) LVs at MOI 100 (left panel), and bar chart showing the percentage of
F-cell mean increase (p = 0.983, n = 5, unpaired two-tailed t-test)(right panel). (C) Representative
flow cytometry profiles showing F-cell percentages in βSβS Patient 5. (D) CD235a expression
at the end of in vitro differentiation (days 20–21) in the βSβS patient cohort. Mean percentage
of CD235a expression was above 90%; specifically, 94.12 ± 4.89, 96.80 ± 1.02, and 97.04 ± 0.88
in mock-transduced, GGHI-transduced, and GGHI-mB-3D-transduced samples, respectively (left
panel). No statistical differences were observed between mock-transduced, and GGHI- and GGHI-
mB-3D-transduced samples (p = 0.27 and p = 0.22, respectively, n = 5, unpaired two-tailed t-test).
Representative flow cytometry profiles of CD235a expression in Patient 5 (right panel). Each dot
corresponds to each patient. Error bars represent ±SD, * p ≤ 0.05.

3.4. Improvement in the SCD CD34+ Cell Phenotype In Vitro following Transduction with
GGHI-mB-3D Lentiviral Vector

Due to the HU treatment received by all patients, and hence, to elevated levels in the
majority of patients, reliable anti-sickling tests, as previously demonstrated by Urbinati
et al. [22], could not be performed. Therefore, in order to demonstrate a potential phe-
notype improvement following transduction with our lentiviral vectors, we performed
Hb electrophoresis/CE-HPLC, aiming to document an HbS decrease, and a concomitant
HbF increase, following transduction. Repeated-measures ANOVA showed significant
HbS differences between treatments (F(2,24) = 3.74, p = 0.046) and across all patients. Over-
all, and as it can be seen in Figure 3A (left panel), transduction with GGHI-mB-3D LV
only, led to a marked decrease in HbS. Specifically, the mean HbS percentage reached
41.9 ± 12.3%, compared to 46.6 ± 8.9% observed in mock-transduced cells (p = 0.022, n = 9),
with a mean difference of −4.66 ± 4.94 (Figure S3A), The above decrease was followed
by a concomitant HbF increase (Figure 3A, right panel), reaching 37 ± 27% compared to
33 ± 25% in mock-transduced cells (p = 0.023, n = 9), with a mean difference of 4.47 ± 4.76
(Figure S3A). Transduction with GGHI LV led to a marginal effect, with the mean HbS and
HbF percentages post transduction reaching 43.1 ± 11.8% (p = 0.053, n = 9) and 35.3 ± 27%
(p = 0.091, n = 9), respectively.

Regarding the βSβS cohort, the percentage of HbS did not test significantly different by
repeated-measures ANOVA (F(2,3) = 0.338, p = 0.73). Specifically, transduction with GGHI-
mB-3D led to a mean HbS percentage of 51.4 ± 5.2%, compared to 52.7 ± 6.6% observed
in the control (p = 0.23, n = 4), while the corresponding mean HbS percentage achieved by
GGHI was 52.95 ± 9.9% (p = 0.91, n = 4) (Figure 3B, left panel and Table 2). As expected, HbF
showed a small increase, without statistical significance, following GGHI and GGHI-mB-3D
transduction (p = 0.79 and p = 0.33, respectively, n = 4) (Figure 3B, right panel).

Interestingly, however, in the βSβ+ patient cohort, both GGHI and GGHI-mB-3D LVs
led to a significant reduction in HbS percentage, as demonstrated by repeated-measures
ANOVA (F(2,12) = 5.48, p = 0.03); particularly 35.2 ± 5.5% in the case of GGHI (p = 0.005,
n = 5) (mean difference between GGHI and Ctrl of -6.42 ± 2.54, Figure S3B) and 34.3 ± 11%
in the case of GGHI-mB-3D (p = 0.03, n = 5) (mean difference between GGHI-mB-3D and Ctrl
of −7.33 ± 5.15, Figure S3B), compared to 41.6 ± 7.5% observed in the control (Figure 3C,
left panel and Table 3). Regarding the HbF levels following transduction with GGHI and
GGHI-mB-3D LVs (Figure 3C, right panel), both exhibited a marginally significant increase,
reaching a mean of 55 ± 17% and 57 ± 20% (mean difference between GGHI and Ctrl of
4.40 ± 3.82, and GGHI-mB-3D and Ctrl of 5.93 ± 4.84, Figure S3B), compared to 51 ± 18%
in mock-transduced cells (p = 0.062 and p = 0.052, respectively, n = 5).

Regarding the effects on apoptosis following vector transduction, no differences were de-
tected between mock-transduced and transduced cells in both patient cohorts.
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Figure 3. Phenotypic improvement in SCD cells in vitro following transduction with GGHI-mB-3D LV
at MOI 100: (A) Before-and-after plots showing mean percentage of HbS (left panel) and HbF (right
panel) obtained with hemoglobin (Hb) electrophoresis/CE-HPLC across all SCD patients, prior and
post transduction, with GGHI (p = 0.053 and p = 0.091, respectively, n = 9, paired two-tailed t-test) and
GGHI-mB-3D (p = 0.022 and p = 0.023, respectively, n = 9, paired two-tailed t-test) LVs. (B) Scatter plots
showing mean percentage of HbS (left panel) and HbF (right panel), prior and post transduction, with
GGHI (p = 0.91 and p = 0.79, respectively, n = 4, paired two-tailed t-test) and GGHI-mB-3D (p = 0.23 and
p = 0.33, respectively, n = 4, paired two-tailed t-test) LVs in the βSβS patient cohort. (C) Scatter plots
showing mean percentage of HbS (left panel) and HbF (right panel), prior and post transduction, with
GGHI (p = 0.005 and p = 0.062, respectively, n = 5, paired two-tailed t-test) and GGHI-mB-3D (p = 0.03
and p = 0.052, respectively, n = 5, paired two-tailed t-test) LVs in the βSβ+ patient cohort. Each dot
corresponds to each patient. Error bars represent ±SD, * p ≤ 0.05, ** p ≤ 0.01.
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3.5. Gene Transfer Efficiency and Vector Copy Number in Transduced BFUe from SCD Patients

In order to determine LV transduction efficiency, we plated CD34+ cells derived
from both βSβS or βSβ+ patients that were either transduced with GGHI or GGHI-mB-3D
or mock-transduced, in methylcellulose semi-liquid medium for colony-forming assays;
10–20 individual BFUe per patient were analyzed in each experiment by colony PCR scor-
ing and using primers for vector-specific sequences. Gene transfer efficiency of the LVs
in the CD34+ progenitors was determined by assessing the proportion of BFUe colonies
that tested positive for vector sequences. As shown in Figure 4A (left panel) and Table 1,
the mean transduction efficiencies for GGHI and GGHI-mB-3D were similar, i.e., 52 ± 32%
(median 38%) and 55 ± 35% (median 44%), respectively (p = 0.82, n = 9, unpaired two-tailed
t-test). The clonogenicities of both mock- or γ-globin-vector-transduced CD34+ cells were
similar. Furthermore, the VCN/cell was calculated for each LV-positive BFUe from each
patient, and then a mean value was extracted from all BFUe for each patient. The average
VCN for GGHI-transduced cells was 0.89 ± 0.62 (median 0.8), with a range of 0.3 to 1.8,
while for GGHI-mB-3D, it was 1.04 ± 0.8 (median 0.8), with a range of 0.4 to 2.8 (p = 0.65,
n = 9, unpaired two-tailed t-test) (Figure 5A right panel and Table 1).

Transduction efficiency and VCN in the βSβS and βSβ+ patient cohorts are shown in
Figure 4B,C and Tables 2 and 3. More specifically, transduction efficiency achieved by GGHI
and GGHI-mB-3D LVs in βSβS patients was 49 ± 38% and 60 ± 41%, respectively (p = 0.71,
n = 4, unpaired two-tailed t-test) (Figure 4B, left panel and Table 2), while mean VCN/cell
was 0.8 ± 0.64 (median 0.6, with a range 0.3–1.7) for GGHI and 1 ± 0.66 (median 0.85, with a
range 0.4–1.9) for GGHI-mB-3D (p = 0.67, n = 4, unpaired two-tailed t-test) (Figure 4B, right
panel and Table 2). Transduction efficiency achieved by GGHI and GGHI-mB-3D LVs in the
βSβ+ cohort reached 54 ± 30% and 51 ± 34%, respectively (p = 0.91, n = 5, unpaired two-tailed
t-test) (Figure 4C, left panel and Table 3), while mean VCN/cell was 0.96 ± 0.67 (median 0.8,
with a range 0.3–1.8) and 1.1 ± 0.98 (median 0.6, with a range 0.5–2.8), respectively (p = 0.83,
n = 5, unpaired two-tailed t-test) (Figure 4C, right panel and Table 3).

3.6. γ-Globin mRNA Analysis Using Quantitative Real-Time PCR

Quantification of γ-globin production from SCD erythroid cultures showed that
γ-globin mRNA is not increased significantly following transduction either with GGHI
or GGHI-mB-3D lentiviral vectors at MOI 100. Specifically, we observed a mean relative
fold difference of 1.03 and 0.999 (p = 0.75, n = 8, unpaired two-tailed t-test) in our patient
cohorts, following transduction either with GGHI or GGHI-mB-3D, with the greatest in-
crease observed in Patient 11 (Table 1 and Figure S4A). When βSβS and βSβ+ patients were
analyzed separately, we failed again to detect a mean increase in γ-globin at the mRNA
level, as a result of transduction with either LV, with mean relative fold difference levels
in both cases to be around 1. Specifically, in βSβS patients, the relative fold difference
of γ-globin transcript was calculated 1.08 for GGHI and 0.96 for GGHI-mB-3D (p = 0.41,
n = 4, unpaired two-tailed t-test), as shown in Table 2 and Figure S4B (left panel), while
for the βSβ+ patient cohort it was 0.99 and 1.04 (p = 0.82, n = 4, unpaired two-tailed t-test),
respectively (Table 3 and Figure S4B, right panel).
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Figure 4. Transduction efficiency and VCN/cell demonstrated by γ-globin LVs in SCD CD34+ cells:
(A) Scatter plots showing mean percentage of transduction efficiency (left) and mean VCN/cell/patient
(right) across all patients and following transduction with GGHI and GGHI-mB-3D LVs at MOI 100.
GGHI leads to 52 ± 31.5% and GGHI-mB-3D to 55 ± 35% transduction efficiency (p = 0.82, n = 9,
unpaired two-tailed t-test). Mean VCN/cell/patient for GGHI and GGHI-mB-3D is 0.89 ± 0.62 and
1.04 ± 0.8, respectively (p = 0.65, n = 9, unpaired two-tailed t-test). (B) Scatter plots showing mean
percentage of transduction efficiency (left) and mean VCN/cell/patient (right) in the βSβS patient cohort
and following transduction with GGHI and GGHI-mB-3D LVs at MOI 100. GGHI leads to 49 ± 38%
and GGHI-mB-3D to 60 ± 40.82% transduction efficiency (p = 0.71, n = 4, unpaired two-tailed t-test).
Mean VCN/cell/patient for GGHI and GGHI-mB-3D is 0.8 ± 0.64 and 1 ± 0.66, respectively (p = 0.67,
n = 4, unpaired two-tailed t-test). (C) Scatter plots showing mean percentage of transduction efficiency
(left) and mean VCN/cell/patient (right) in the βSβ+ patient cohort and following transduction with
GGHI and GGHI-mB-3D LVs at MOI 100. GGHI leads to 54 ± 30% and GGHI-mB-3D to 51 ± 34%
transduction efficiency (p = 0.91, n = 5, unpaired two-tailed t-test). Mean VCN/cell/patient for GGHI
and GGHI-mB-3D is 0.96 ± 0.67 and 1.1 ± 0.98, respectively (p = 0.83, n = 5, unpaired two-tailed t-test).
Each dot corresponds to each patient. Error bars represent ±SD.
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Figure 5. HbF and HbS fold difference in βSβS and βSβ+ SCD patients, post transduction: (A) Bar
chart showing HbS fold decrease (left) and HbF fold increase (right) in βSβS patients following
normalization to mean VCN/cell/patient; nc, not conducted. (B) Bar chart showing HbS fold
decrease (left) and HbF fold increase (right) in βSβ+ patients following normalization to mean
VCN/cell/patient.

4. Discussion

In this study, we used the previously characterized γ-globin lentiviral vector GGHI [32]
and the novel optimized GGHI-mB-3D [38], both successfully assessed using thalassemic
CD34+ cells [32,38], and investigated whether they can also improve or correct the SCD
phenotype in vitro. We show that the optimized GGHI-mB-3D vector can significantly increase
the Aγ/α ratio and HbF percentage in the SCD patient cohort, and lead to significant HbS
reduction, at an average VCN of 1.0, calculated per diploid genome. This value represents the
ideal target range of VCN per cell for LV-based thalassemia gene therapy [48]. Application of
the Pearson’s r test across all patients showed very good correlation between normalised HbS
fold decrease and normalized Aγ/α ratio (r = 0.9) or HbF fold increase (r = 0.7).

Specifically, results from RP-HPLC regarding Aγ/α ratio fold increase, and following
normalization to VCN (Figure S5), show that four out of eight patients (Patient 5 was not
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included) designated as Patients 4, 8, 9, and 12 exhibited a >2-fold increase following trans-
duction with GGHI-mB-3D. Overall, transduction with GGHI-mB-3D led to an average Aγ/α
ratio fold increase of 1.81 ± 0.97 (n = 8) following normalization to VCN. The highest increase
was observed in Patient 8, who led to a corrected Aγ/α increase of 2.96-fold. Interestingly,
despite the achieved maximum Aγ/α ratio fold increase in Patient 8, this was not associated
with a similar increase in transduction efficiency and VCN/cell (mean transduction efficiency
90% and VCN/cell 0.9). Pearson’s r test showed poor positive correlation between Aγ/α ratio
fold increase and transduction efficiency (r = 0.16) and negative correlation between the former
and VCN (r = −0.002). The above results suggest that expression from GGHI-mB-3D is not
entirely dependent on the vector per se, but may also be influenced by the site of integration,
an observation also reported by Drakopoulou et al. [38].

Despite the significant increase in the Aγ/α ratio observed with RP-HPLC, we did not
detect a reciprocally lower βS/α ratio, following transduction with GGHI-mB-3D lentiviral
vector (p = 0.226, n = 9). This may possibly be due to the restriction of the RP-HPLC analyses
to the soluble populations of globin chains. To circumvent the above findings, and in order
to demonstrate a potential therapeutic effect of GGHI-mB-3D and/or of GGHI, we per-
formed hemoglobin electrophoresis or CE-HPLC analysis of lysates from mock-transduced
and transduced erythroid cultures and assessed HbS and HbF expression. As expected,
GGHI-mB-3D LV led to a significantly lower HbS compared with control, demonstrating a
mean fold decrease of 1.643 ± 0.88 and a 2.09 ± 2.09 mean HbF fold increase, following
normalization to VCN. The respective values for GGHI were 1.890 ± 1.40 and 1.92 ± 1.59.

Following patient classification according to genotype, GGHI-mB-3D failed to demon-
strate a marked in vitro improvement in the βSβS patients, suggesting higher HbF require-
ments for in vitro phenotypic correction in the specific patient cohort, as one would also
predict from the high HbS levels before and after HU treatment in the specific patient cohort
(Figure S2A,B and Tables 2 and 3). Mean HbS fold decrease following normalization to VCN in
the specific cohort was 1.46 ± 1.03 (n = 3), with the maximum value observed in Patient 4 who
exhibited a 2.58-fold HbS decrease (Figure 5A, left panel), demonstrating also the maximum,
i.e., 6.92-fold HbF increase (Figure 5A, right panel). On the contrary, transduction of βSβ+

cells with GGHI-mB-3D led to a 1.75 ± 0.89 (n = 5) mean HbS fold decrease and 1.57 ± 0.83
(n = 5) mean HbF fold increase, following normalization to VCN. Out of five βSβ+ patients,
transduction with GGHI-mB-3D led to HbS decrease in four patients, with the highest value
observed in Patient 12, who exhibited a HbS decrease of 2.84-fold (Figure 5B, left panel), also
showing the highest, i.e., 2.41-fold, HbF increase (Figure 5B, right panel). Pearson’s r test
showed moderate positive correlation between transduction efficiency and normalized HbS
fold decrease (r = 0.56) and normalized HbF fold increase (r = 0.59).

Regarding the GGHI vector in the βSβS patient cohort, the mean HbS fold decrease
following normalization to VCN reached 1.74 ± 1.53, showing no statistical significance.
The most profound effect was demonstrated by Patient 6, who demonstrated a 3.46-fold
HbS decrease (Figure 5A, left panel), also showing the highest, i.e., 4.55-fold, HbF increase
(Figure 5A, right panel). On the contrary, and in the case of βSβ+ patients, the mean HbS
fold decrease and HbF fold increase were 1.98 ± 1.5 and 1.87 ± 1.4, respectively, (n = 5),
both following normalization to VCN. Pearson’s r test showed no positive correlation
between transduction efficiency and normalized HbF fold increase (r = −0.03) or HbS fold
decrease (r = −0.09).

With regards to the γ-globin mRNA levels (Figure S4), despite the marked HbF in-
crease observed following transduction with GGHI, and, most importantly, with GGHI-mB-
3D γ-globin LVs, we failed to demonstrate a marked mean increase in γ-globin transcripts
relative to α-globin. The latter is in contrast with Urbinati et al. [22], in SCD cells, who
showed that the γ-globin lentiviral vector V5m3-400 managed to increase γ-globin tran-
scripts by more than 7-fold. However, this finding was based on a rather small number of
three patients, while in our series we investigated a more representative cohort of eight
informative patients (Patients 7 and 9 were not included due to limited cell number). We
also managed to detect a small increase in at least three patients; specifically, Patients
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6, 8, and 11, who showed the highest increase following transduction with GGHI, and
Patients 6, 10, and 11, who showed increased γ-globin transcripts following transduction
with GGHI-mB-3D LV. Most patients with increased γ-globin mRNA levels, displayed a
concomitant HbF increase. A possible explanation for not detecting a similar high γ-globin
increase at the mRNA level, as Urbinati et al. noted, could be attributed to the late sam-
pling for RNA isolation. Compared to Urbinati et al. [22], we carried out RNA isolation
1 week later during erythroid differentiation, i.e., at day 20–21 instead of day 14, which
may have resulted in the underestimation of expression of vector-derived γ-globin mRNA.
As documented elsewhere [49,50], in vitro erythroid differentiation partially recapitulates
ontogenesis and hemoglobin switching for ES-derived [49], as well as for adult peripheral
blood CD34+-derived progenitors [50], with a shift to the contribution of embryonic to
fetal and then to adult globin chains on the background of an overall increasing globin
expression during erythroid differentiation. Since both the vector-derived Aγ gene and the
endogenous one share identical cis-acting sequences, and thus undergo the same transcrip-
tional regulation, it is conceivable that an endogenous fetal to adult switch from γ-globin
to β-globin and/or βS at late stages of erythroid differentiation would result in relatively
lower γ-globin mRNA levels and a higher overall βS contribution.

Regarding the differences between the GGHI and GGHI-mB-3D performance, despite
the significant Aγ/α ratio and HbF increase, as well as the HbS decrease demonstrated only
by GGHI-mB-3D LV compared to mock-transduced cells, we did not observe significant
differences between the former and GGHI, possibly due to extensive variation among patient
samples, an observation also documented in a previous study by Drakopoulou et al. [38].

In line with our previous observations in thalassemia patients, and of others in SCD
patients [22], the mean VCN calculated for GGHI and GGHI-mB-3D lentiviral vectors was
around 1.0 (p = 0.65, n = 9, unpaired two-tailed t-test), reflecting a near-ideal value for a
clinical setting and a potentially therapeutic outcome, as reported by Kanter et al. [51].
VCN achieved among the βSβS and βSβ+ patient cohorts did not test significantly different
between GGHI (p = 0.51, n = 4, unpaired two-tailed t-test) and GGHI-mB-3D (p = 0.66, n = 4,
unpaired two-tailed t-test) LVs. With regards to transduction efficiency, GGHI and GGHI-
mB-3D both achieved an overall gene transfer of 52% and 55%, respectively (p = 0.82, n = 9,
unpaired two-tailed t-test). Again, no significant differences were observed in transduction
efficiency among the βSβS and βSβ+ cohorts between GGHI (p = 0.75, n = 4, unpaired
two-tailed t-test) and GGHI-mB-3D (p = 0.74, n = 5, unpaired two-tailed t-test) LVs.

It should be emphasized that our vectors, harboring several erythroid-specific regu-
latory elements, to the best of our knowledge, are the only LCR-free, SIN, and insulated
globin vectors that can be employed to efficiently transduce erythroid progenitor cells
and successfully drive the human γ-globin gene to nearly therapeutic levels in both tha-
lassemic [32,38] and SCD CD34+ cells, as shown in this study. In view of the ongoing
clinical trials for thalassemia and SCD, one of the main strengths of these vectors is their
safety feature, due to their insulation and to the lack of any LCR regulatory elements, which
have been recently shown to be active in early hematopoietic progenitor cells [52], and thus
are capable of trans-activating cancer-related genes, with all the known associated risks for
the patient [36,37,52,53].

In conclusion, despite the significant and potentially therapeutic HbF increase ob-
served in SCD patients with the optimized γ-globin lentiviral vector GGHI-mB-3D, a major
limitation of our strategy, primarily regarding the precise assessment and comparison of
the HbF increase in each patient and among the βSβS and βSβ+ cohorts, is the established
inherent genetic and epigenetic heterogeneity per se of these patients, coupled with the
lack of information regarding important HbF genetic modifiers, such XmnI, HBS1L-MYB,
and BCL11A [54], in the two cohorts. These major SNPs associated with high HbF levels,
account for more than 20% of the HbF level variations among SCD patients [55], and
affect both the severity and the therapeutic outcome in SCD, including patients under HU
treatment [56]. In a recent systematic review by Sales et al. [57], the authors concluded
that genetic variations in multiple loci, such as SNPs located at intron 2 of the BCL11A
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gene, can affect both baseline HbF and HbS levels in response to HU treatment in patients
with SCD. Therefore, information on these SNPs, together with larger patient cohorts of
different ethnic origin, would significantly contribute to a more effective assessment of the
GGHI-mB-3D γ-globin vector in the context of sickle cell disease gene therapy [58].

5. Conclusions

In summary, we show that the optimized LCR-free GGHI-mB-3D lentiviral vector,
which carries novel regulatory elements, can significantly increase the Aγ/α ratio and HbF
in CD34+ cells from SCD patients, an increase accompanied by a concomitant HbS decrease,
demonstrating a potentially therapeutic outcome in vitro. These data suggest that despite
the non-significant differences between the optimized GGHI-mB-3D and GGHI lentiviral
vectors, the former demonstrates an increased potential of improving the SCD phenotype
in vitro, and thus, can eventually provide a significant therapeutic benefit in the context of
future clinical trials for patients with sickle cell disease.
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www.mdpi.com/article/10.3390/v14122716/s1. Figure S1: (A) Schematic representation of the
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(LOTs) for GGHI (n = 6) and GGHI-mB-3D (n = 5) γ-globin LVs (left panel), and bar chart showing
mean GGHI and GGHI-mB-3D titers (p = 0.902, unpaired two-tailed t-test) (right panel). Figure
S2: (A) Baseline HbF and HbS expression prior to hydroxyurea (HU) treatment in the βSβS (n = 5)
(upper panel), and βSβ+ patient cohort (n = 5) (lower panel). (B) HbS expression prior and post HU
treatment in βSβS and βSβ+ patients. (C) CD235a expression at the end of the in vitro differentiation.
Figure S3: Estimation plots for all comparisons with statistical significance. Figure S4: Performance of
γ-globin LVs at the RNA level: (A) Bar chart showing relative fold difference of γ-mRNA transcripts
in different patients (n = 8). (B) Bar charts showing relative fold difference of γ-mRNA transcripts in
the βSβS patient cohort (n = 4) (left panel) and in the βSβ+ patient cohort (n = 4) (right panel). Figure
S5: Aγ/α ratio fold increase per patient post transduction with GGHI and GGHI-mB-3D LVs and
following normalization to VCN.
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Abstract: Viral vectors play a pivotal role in the field of gene therapy, with several related drugs
having already gained clinical approval from the EMA and FDA. However, numerous viral gene ther-
apy vectors are currently undergoing pre-clinical research or participating in clinical trials. Despite
advancements, the innate response remains a significant barrier impeding the clinical development
of viral gene therapy. The innate immune response to viral gene therapy vectors and transgenes
is still an important reason hindering its clinical development. Extensive studies have demon-
strated that different DNA and RNA sensors can detect adenoviruses, adeno-associated viruses, and
lentiviruses, thereby activating various innate immune pathways such as Toll-like receptor (TLR),
cyclic GMP-AMP synthase–stimulator of interferon genes (cGAS-STING), and retinoic acid-inducible
gene I–mitochondrial antiviral signaling protein (RLR-MAVS). This review focuses on elucidating the
mechanisms underlying the innate immune response induced by three widely utilized viral vectors:
adenovirus, adeno-associated virus, and lentivirus, as well as the strategies employed to circumvent
innate immunity.

Keywords: innate immune; adeno-associated virus; lentivirus; adenovirus

1. Introduction

Gene therapy exhibits considerable potential for advancement in the 21st century. To
achieve therapeutic effects, gene therapy relies on vectors to deliver the required genes to
target cells. These vectors can be classified into two main categories: viral and non-viral
types. Presently, viral vectors enjoy extensive utilization within the field of gene therapy
due to their widespread adoption and effectiveness.

Currently, prevalent viral vectors in gene therapy encompass adenovirus (Ad), adeno-
associated virus (AAV), and lentivirus (LV) (Figure 1). Human Ad (HAdV) was first isolated
from human adenoid tissue cultured by Wallace Rowe and his colleagues in 1953. It was
considered to be a gene therapy vector around the 1980s [1]. In 1992, the first successful
utilization of Ad as a vector for gene therapy was reported. AAV, initially discovered in the
mid-1960s, served as a vector for ex vivo gene transduction in 1984. It was first employed to
treat patients with cystic fibrosis in 1995 and exhibited encouraging therapeutic outcomes
in patients with Leber’s congenital amaurosis in 2008. Following that, in 2012, Glybera
(Table 1) became the pioneering AAV gene therapy drug to be approved by European
Medicines Agency (EMA) [2]. LV, derived from the human immunodeficiency virus (HIV),
serves as a viral vector. Upon gene transduction by the vector, if the cell can persist over an
extended period, the transgene integrates into the host cell’s genome, thereby facilitating
enduring transgene expression [3]. As a result of the integration capability exhibited by LV
vector, it is prioritized as the primary option in gene therapy.

Innate immunity functions as the initial barrier against foreign intrusions and assumes
a pivotal role in host protection [4]. Operating through swift and non-specific reactions,
it often triggers cytokine responses within an hour. Given the diverse pathways through
which viruses can infiltrate cells, the host engages in a sequence of biological processes
aimed at countering viral entry. Antigen-presenting cells, including plasmacytoid dendritic
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cells (DCs), conventional DCs, macrophages, and B cells, emerge as significant generators of
antiviral cytokines [5]. When encountering viruses, the innate immune system recognizes
these viral entities as foreign by employing pattern-recognition receptors (PRRs). These
PRRs have the capacity to identify distinctive structures inherent to non-self agents, com-
monly denoted as pathogen-associated molecular patterns (PAMPs) [6]. Subsequent to this
recognition, PRRs can instigate the activation of an array of intracellular signaling pathways,
potentially leading to the initiation of innate immune responses [7]. Among these receptors,
Toll-like receptors (TLRs) expressed on cellular membranes, retinoic acid-inducible gene-I
(RIG-I)-like receptors (RLRs), nucleotide oligomerization domain (NOD)-like receptors
(NLRs), C-type lectin receptors (CLRs), and a spectrum of intracellular DNA sensors such
as cyclic GMP-AMP synthase (cGAS) play pivotal roles in transducing these immune-
initiating signals [8]. Upon detection of viral PAMPs, PRRs become activated, subsequently
engaging NF-κB and interferon regulatory transcription factors IRF3 and IRF7. This orches-
trated activation cascade orchestrates the transcription of proinflammatory cytokines and
type I interferons within the infected cells. Consequent to their synthesis, these interferons
bind to their designated IFN-I receptors, thereby initiating the expression of IFN-stimulated
genes (ISGs). These molecular cues serve to attract effector lymphocytes, impede viral trans-
duction, and propel the elimination of transduced cells via the instigation of an adaptive
immune response.

Figure 1. Genome structure description of Ad, AAV, and LV viruses and their viral vectors. (a) Adenovirus
genome composition. (b) Genome composition of third-generation adenovirus vectors currently
used for gene therapy. (c) Adeno-associated virus genome composition. (d) Genome composition of
recombinant AAV vectors currently used in gene therapy. (e) Genome composition of HIV. (f) Genome
composition of third-generation lentiviral vectors presently utilized in gene therapy.

Adenovirus disassembly in the endosomes, accompanied by the exposure of viral DNA
(Table 2) in plasmacytoid dendritic cells, precipitates the initiation of the TLR9/MyD88
axis. This process subsequently leads to IRF7-dependent transcription of IFN-I genes.
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Alternatively, the perception of viral DNA in the cytoplasm provokes TLR-independent
activation of type I interferon through the cGAS/STING/TBK1/IRF3 signaling cascade [9].
The manner of HAdV recognition is contingent upon cell type, involving both cytoplasmic
and nuclear sensing mechanisms, thereby inciting an innate immune response to the
infection. In human cell lines, the Ad genome triggers activation of the cytoplasmic cGAS-
STING pathway, which in turn activates TBK1 and IRF3, ultimately culminating in the
expression of IFN-β genes. The release of IL-1β induced by Ad hinges on the detection
of the Ad genome by the DNA sensor TLR9. In murine models, Ad infection traverses
plasmacytoid dendritic cells (pDCs). Notably, conventional dendritic cells and macrophages
elicit substantial levels of type I interferon. Recognition of Ad in pDCs is mediated by
TLR9, whereas non-pDC recognition of Ad is TLR9-independent and instead contingent
upon the cytosolic sensing of viral DNA. In murine antigen-presenting cells (APCs), Ad
infection triggers IRF6-mediated IFN responses via TLR-independent DNA sensing, partly
reliant on the cGAS-STING pathway [10]. Several studies have attested to the activation of
the RLR-MAVS signaling pathway during Ad virus infection. In Ad-transduced host cells,
Ad-associated RNA (VA-RNA) engages RIG-I, thereby instigating the RLR-MAVS pathway
and subsequently fostering the production of IFN-I [11].

DNA viruses, including AAV (Table 2), have the capability to undergo uncoating and
discharge their genomes within the endosome. This action facilitates the engagement of
TLR9, thereby instigating the initiation of the innate immune response. As AAV undergoes
endosomal trafficking, there arises the potential for virion uncoating or partial genome
exposure, which could consequently enable TLR9 detection of CpG motifs. This process
transpires rapidly and consequently activates NF-κB, ultimately leading to the synthesis
of proinflammatory cytokines [12]. Within the cellular cytosol, the DNA sensor cGAS can
effectively bind double-stranded DNA, subsequently eliciting a signaling cascade that
involves STING and TBK1. Notably, AAV ITRs exhibit promoter activity, thereby implying
that the presence of both 5′- and 3′-ITRs within the AAV genome could potentially result in
the generation of sense and antisense RNAs. These RNA molecules possess the capability
to form double-stranded RNA intermediates within the cytoplasm. It is pertinent to
mention that double-stranded RNA molecules are duly recognized by MDA5 and RIG-I,
subsequently instigating the production of IFN-β [13].

HIV-1 (Table 2) infection triggers immune system responses through the recognition
of various HIV-associated PAMPs by PRRs. Both cell membrane-expressed TLRs and endo-
somal TLRs recognize specific PAMPs in HIV, thus initiating the innate immune response.
TLR2 and TLR4 present on the cell surface play roles in detecting HIV glycoprotein gp120,
leading to NF-κB activation and subsequent production of inflammatory cytokines. Within
phagocytic immune cells, TLR7/8 can identify single-stranded DNA (ssDNA), resulting in
the secretion of IFN-α and inflammatory cytokines. The HIV virus generates intermediates
that replicate within the cytoplasm, where the cytosolic HIV genomic RNA is recognized
by RIG-I, prompting the expression of ISGs. Furthermore, beyond the viral genome, RIG-I
in virus-infected macrophages can also detect newly synthesized viral mRNA post-viral
replication, subsequently promoting ISG expression. As a retrovirus, HIV-1 produces a
nucleic acid intermediate, double-stranded DNA (dsDNA), during reverse transcription.
This dsDNA within the cytoplasm can be detected by cGAS, leading to the induction of
IFN-β production [14].

This review summarizes the mechanisms of innate immune response and immune
escape measures after the transduction of therapeutic genes by three viral vectors, Ad,
AAV, and LV, which are widely used in gene therapy. Viruses inherently trigger innate
immune responses; nevertheless, within this review, our concentration is solely on the
innate responses provoked by genetically modified viral vectors utilized in gene therapy,
along with strategies to counteract these innate immune reactions. Endeavors to circumvent
immune responses in gene therapy can be classified into two primary categories: strategies
aimed at shielding the vector and its transgene product from immune surveillance, and
those designed to obscure the vector/transgene product from immune detection [5]. While
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RNA modification or vector alteration can curtail the likelihood of an innate immune
response, they cannot entirely avert its occurrence. In practical application, the emergence
of an innate immune response is an unavoidable outcome.

Table 1. Currently authorized viral vector drugs.

Date Drugs
Regulatory
Approval

Application Vector

2003 Gendicine (recombinant
human p53 adenovirus) [15]

China Food and Drug
Administration (CFDA)

Head and neck squamous cell carcinoma
(HNSCC) Ad-p53

2006 Oncorine [16] Chinese SFDA
• Head and neck cancers, liver cancers,

pancreatic cancers, cervical cancers,
and other cancers

H101

2012
Alipogene tiparvovec

(Glybera) (it was withdrawn
from the market in 2017) [17]

EMA • Lipoprotein lipase (LPL) deficiency AAV1-LPL

2017 Luxturna [18] FDA Leber congenital amaurosis caused by
RPE65 mutations AAV2-RPE65

2017
Kymriah

(tisagenlecleucel) [19] FDA • Acute lymphoblastic leukemia and dif-
fuse large B-cell lymphoma

LV-CD19

2019 Zolgensma [20] FDA • Spinal muscular atrophy (SMA) scAAV9-SMN1

2020 Libmeldy [21] EU Metachromatic leukodystrophy (MLD) SIN LV vector

2021 Elivaldogene autotemcel
(Skysona, eli-cel) [22] EU Cerebral adrenoleukodystrophy (CALD) LV. ABCD1

2021 Breyanzi (lisocabtagene
maraleucel) [23] FDA

• Patients with relapsed or refractory
large B-cell lymphomas LV-CD19

2021 Abecma (idecabtagene
vicleucel, ide-cel) [23] FDA Relapsed or refractory multiple myeloma

(R/R MM) LV-CD19

2022
Eladocagene exuparvovec

(Upstaza) [24] EMA • Human aromatic L-amino acid decar-
boxylase (AADC) deficiency

rAAV2-hAADC

2022 Roctavian (valoctocogene
roxaparvovec) [25] EMA • Severe hemophilia A [congenital fac-

tor VIII (FVIII) deficiency] in adults
BMN 270: AAV5

-hFVIII-SQ

2022 Adstiladrin [26] FDA Patients with NMIBC who do not respond
to BCG rAd-IFNα/Syn3

2022 Zynteglo (betibeglogene
autotemcel, beti-cel) [27] FDA β-thalassemia patients BB305 LV

vector

Table 2. The differences between wild-type viruses and viral vectors.

Virus Type Size Genome Structure Genome Type Immunogenicity Integration

Ad
Wild-type Virus 26–45 kb ITR, ϕ, E1A, E1B,

E2, E3, E4, L1–L5
dsDNA High Rarely

Viral
Vector

OAd: 3 kb;
HDAd: 34 kb ITR, ϕ, transgene

AAV
Wild-type Virus 4.7 kb ITR, Rep, Cap,

AAP, MAAP
ssDNA Low Rarely

Viral
Vector 4.7 kb ITR, transgene

LV
Wild-type Virus 8–9 kb LTR, gag, pol, env, rev, tat,

vpr, vpu, vif, nef
ssRNA Moderate Random

Viral
Vector <5 kb 1: gag, pol, rre, transgene;

2: rev, transgene
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2. Adenovirus Vector Therapy

2.1. Introduction to Adenovirus Vectors
2.1.1. Principle of Gene Therapy with Adenoviral Vectors

Ad is an icosahedral virus with a diameter of 70–100 mm and no envelope capsids.
Its genetic material is double-stranded DNA (dsDNA), with a length of 25–46 kb [28] and
a 103 bp inverted terminal repeat (ITR) at each end of the genome, crucial for viral DNA
replication (Figure 1). Ad can infect both dividing and non-dividing cells, is able to replicate
in the infected nucleus with high transfection efficiencies and is not integrated into the
host genome [29]. Nevertheless, Ad is not without limitations. It demonstrates heightened
immunogenicity, leading to notable inflammatory responses. Additionally, it exhibits
suboptimal infection efficiencies in certain cancer contexts. Ad is classified into seven
types, A–G. To date, a cumulative count of 111 HAdV genotypes has been documented and
categorized into seven species (A–G), all of which have the potential to infect individuals
across various age groups, albeit only a limited subset leading to severe infections [30].
These vectors are mainly derived from Ad serotype 2 (Ad2) and Ad serotype 5 (Ad5) of
species C, with Ad5 being the most widespread [31]. Different HAdV serotypes exhibit
distinct tropism, capabilities, and clinical manifestations [32]. Among them, the HAdV-5
vector is currently the most used vector for cancer treatment. During adenovirus (Ad)
infection, transcription occurs in distinct regions known as early (E), intermediate (I), and
late (L) regions at different stages. The E region includes E1A, E1B, E2, E3, and E4 genes,
primarily contributing to Ad replication. The L region comprises genes L1–L5, which are
mainly responsible for coding structural and non-structural proteins. These proteins play
essential roles in capsid formation, DNA packaging, and maturation of offspring Ad [33].

Ad5 can be categorized into two types based on their replication abilities: replication-
deficient viruses and replication-competent oncolytic viruses (Table 2).

Over the last three decades, remarkable progress has been achieved in the manipula-
tion of Ad genomes. The most recent iteration of Ad vector technology is represented by
the helper-dependent Ad (HDAd), wherein all viral coding sequences have been excised
from the genome, retaining solely the cis-acting ITRs and packaging sequences. This config-
uration offers a transgene capacity of up to 34 kb [34]. The E1-deficient adenovirus, being
replication-defective, serves as an ideal shuttle vector for applications in gene therapy and
vaccination [1].

Adenoviruses capable of conditionally activating the E1 gene for replication within
tumor cells are termed conditionally replicating adenoviruses (CRAd), which are clinically
referred to as oncolytic adenoviruses (OAds). The current adenovirus vectors utilized
in clinical applications encompass four strategies to attain conditional replication. One
approach involves governing E1A and adenovirus replication via cancer cell-specific pro-
moters. These exogenous promoters are generally inserted into the E1A regulatory region,
exploiting the scarcity or complete absence of tumor-specific promoters. This character-
istic hinges on their capacity to induce robust expression of specific genes crucial for the
malignant phenotype. The insertion of exogenous promoters predominantly occurs in the
E1A regulatory region without substantial deletions. The remaining three methodologies
predominantly entail modifications to the transcription units E1A and E1B [35]. Currently,
the new generation of OAds is created through the deletion of 24 amino acids in the CR2
domain of the E1A protein, leading to the generation of the AdΔ24 vector. The CR2 domain
binds to the retinoblastoma protein (pRb) and facilitates the release of S-phase activating
transcription factors (E2F) essential for viral replication in normal cells. These vectors
have demonstrated a remarkable combination of high replication efficiency and selectivity
across diverse tumor cells. OAds necessitate the preservation of the majority of Ad genes to
ensure efficient replication and cleavage function. Consequently, their transgene capacity is
confined to approximately 3 kb.
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2.1.2. Application of Adenoviral Vectors in Gene Therapy

Currently, several vector gene therapy drugs for Ad have been certified (Table 1).
In 2003, Gendicine was approved by the CFDA as a rAd-p53 drug for the treatment of
HNSCC [15]. Most studies have combined rAd-p53 with other traditional therapies, and
the results show that combination therapy is more effective than traditional treatment [36].
In 2006, Oncorine received approval from the State Food and Drug Administration for
marketing [16]. It is primarily employed in the treatment of head and neck tumors, specifi-
cally nasopharyngeal carcinoma. The treatment regimen involves local injections combined
with chemotherapy [37]. In 2022, Adstiladrin received FDA approval as a rAd-IFNα/Syn3
vector gene therapy for the treatment of adults with high-risk BCG non-muscle-invasive
bladder cancer (NMIBC) [26]. In clinical studies, about 53% of patients achieved complete
remission within 3 months of treatment [38].

For certain types of cancers, clinical trials have demonstrated that gene therapy using
Ad vectors can effectively enhance therapeutic outcomes. Ad vectors have shown promise
in the treatment of metastatic diseases, such as prostate cancer, where limited treatment. At
present, a number of clinical trials utilizing Ad5 as a vector for localized prostate cancer
treatment have exhibited favorable safety profiles and notable efficacy [37].

Tahir Muhammad et al. [39] conducted a study utilizing OAd packaged with Ad
E1A/B gene-modified human mesenchymal stem cells, which could effectively suppress
the growth of prostate cancer cells in mouse models. Furthermore, Tien V Nguyen et al. [40]
observed minimal mouse injury upon administration of Ad657 compared to the widely
used Ad5. This resulted in significant inhibition of tumor growth, prolonged survival time
in mice, and notably improved therapeutic effects [40].

OAd vectors are also widely used in the treatment of liver cancers. Jian Meng et al. [41]
conducted a study involving surgery combined with Oad administration in patients with
small lung cancer. The gene therapy group received gene therapy prior to surgery, re-
sulting in a notable increase in the overall survival rate of the gene therapy group and
a significant reduction in postoperative recurrence probability. In vitro cell experiments
have demonstrated the effectiveness of recombinant OAds, such as silica-coated OAds
encoding anti-cancer gene [42], KGHV500 carrying anti-p21ras scFv [43], and chemically
synthesized EpDT3-PEG-Ad5-PTEN (EPAP) [44], in inhibiting the growth of HCC cells. Ad
vectors play an important role in the treatment of various diseases including ovarian cancer,
glioblastoma, and uterine sarcoma lung cancer when combined with other therapeutic
modalities. The use of Enadenotucirev OAd [45] or of ranergene obadenovec (VB-111) [46]
combined with paclitaxel for platinum-resistant ovarian cancer treatment has shown a
significant increase in median progression-free survival (PFS) and tumor immune cell
infiltration. In a mouse model of lung cancer, the delivery of rAd-p53 and IL-2 using an
OAd vector, along with concurrent treatment of the chemotherapeutic drug paclitaxel,
resulting in significantly inhibited tumor growth [47]. Furthermore, the combination of the
rAd-p53 with chemotherapy in the treatment of patients with advanced breast cancer has
demonstrated favorable safety and efficacy outcomes [48].

Ad vectors have been successfully utilized in the treatment of patients with breast
cancer [49]. In the context of breast cancer mouse models, the utilization of OA AdLyp.sT
and mHAdLyp.sT resulted in the safe administration of Ad vector-based gene therapy.

2.2. Innate Immune Responses against Adenovirus Vectors
2.2.1. Occurrence of Innate Immune Response

Activation of innate immune responses after Ad vectors infusion has been well docu-
mented in clinical trials. For instance, in a clinical trial involving the combined utilization
of Ad vectors and chemotherapy for the management of malignant pleural mesothelioma,
a substantial 97.5% of patients encountered adverse reactions characterized by cytokine
release and interferon syndrome [50]. In a separate clinical trial targeting colon cancer
patients with Ad vectors, a surge in the multifunctional cytokine IL-6, signifying the early
innate immune response to Ad vectors, was observed within 6 h post administration [51].
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Within an hour following intravenous administration of the HAdV vector, the plasma
concentration of the complement component C3a, which exhibits heightened efficacy in
initiating innate immune signaling, reached its zenith, subsequently provoking systemic
thrombocytopenia. Furthermore, upon intravenous delivery of the HAdV vector, the
possibility of inducing shock emerged, encompassing symptoms like hypotension, hemo-
concentration, tissue edema, and vascular congestion. In a rat model, the virus-triggered
lipid mediator platelet-activating factor (PAF) became activated merely 10 min post injec-
tion of the HAdV vector, escalating by more than fivefold, eventually culminating in shock
within the animals [52].

Ad infection triggers a robust innate immune response, especially during the early
stage of viral entry (Figure 2). The innate responses may occur within minutes to hours,
resulting in alterations in blood pressure, thrombocytopenia, inflammation, fever, and other
related symptoms [3]. Ad entry represents a critical stage in initiating the innate response,
as it triggers viral sensing and signaling primarily in the cells of the innate immune system
such as macrophages and dendritic cells (DC). Ad vectors can activate numerous innate
immune pathways. Toll-like receptors (TLRs) have been identified as key components
in the innate sensing of Ad. In plasmacytoid dendritic cells (pDCs), TLR9 is involved in
the process of Ad-induced production of IFN, while TLR2, TLR4, and TLR9 induce IL-2
responses when Ad infects mouse or mononuclear phagocyte in vitro [53]. Upon release,
type I interferons activate a comparable set of interferon-stimulated genes by binding to
IFN-α receptors. The majority of proteins encoded by these genes can regulate signaling
pathways or transcription factors, thereby substantially amplifying the synthesis of IFNs,
and augmenting the antiviral signal as well as the antiviral state. In essence, the innate
immune response provoked by Ad vectors has the potential to diminish the efficacy of
gene therapy.

Figure 2. An overview of the innate response to Ad vectors. (A) Upon Ad infection, the genomic
DNA of Ad can serve as a PAMP, leading to the activation of TLR2 and TLR9. TLRs subsequently

140



Viruses 2023, 15, 1801

trigger the activation of NF-κB and IRF7. This cascade of activation culminates in the regulation of
the production of IFN-I and ISGs [53]. (B) DsDNA within the Ad genome propels the engagement of
the cGAS-STING signaling pathway [10].

Preexisting antibodies against Ad are prevalent within the population, and individuals
who have been infected with the virus develop lifelong immunity, resulting in decreased
expression of the transgene and potentially exacerbating virulence of vector transduction.
In a study conducted by Maria Bottermann et al. [54], it was discovered that anti-Ad5
antibodies obstructed transgene expression by engaging intracellular Fc receptor tripartite
motif-containing protein 21 (TRIM21). Furthermore, the immune response was enhanced by
intravenous administration of the vector in individuals with preexisting Ad immunity, and
transcriptional analysis revealed that TRIM21 specifically upregulated numerous immune
genes, thereby inducing an innate response.

Activation of the innate immune response is independent of the transduction process,
and Ad vectors activate the innate immune response in a manner similar to that of bio-
logically active particles. The activation of innate immune response is associated with the
capsid proteins on the surface of Ad vectors, and the activation of complement, rather than
the genes expressed by the virus. Since most of the viral genome of HAdV is eliminated,
transduced cells stop encoding wild-type Ad gene products, including VA-RNA. Thus, the
immunotoxicity of HAdV is greatly attenuated, enabling sustained initiation of transgene
expression [11,55,56].

After infection with normal non-cancer cells, the OAd exhibits an inability to replicate.
However, upon infecting tumor cells, these viruses undergo successful replication, leading
to amplified viral production, subsequent release into the tumor microenvironment, and
consequential infection of previously uninfected tumor cells [35]. A preclinical investiga-
tion has demonstrated the efficacy of Dlta-24-RGD, a cancer-selective oncolytic adenovirus,
in the dissolution of malignant gliomas. Within the context of normal immune responses,
the viral infection itself and the subsequent viral lysis of cancer cells prompt the release of
damage-associated molecular patterns (DAMPs). These DAMPs are identifiable by PRRs
expressed on innate immune system cells, culminating in the activation of type I interferon
production [57]. Consequently, within an immunocompetent murine glioma model, the
oncolytic adenovirus Delta-24-RGD was employed to assess its impact on the immune
microenvironment at the tumor site. Findings revealed an augmented population of NK
cells at the tumor site post virus injection, indicating the induction of innate immunity due
to virus infection [57]. In the treatment of ovarian cancer, oncolytic adenovirus dl922–947
has demonstrated utility. Notably, carvedilol, a drug with the potential to enhance on-
colytic adenovirus activity, has been investigated. In a murine ovarian cancer model, the
combination of virus treatment with carvedilol exhibited more substantial adenovirus
expression compared to virus treatment alone. This combination treatment also led to
enhanced infiltration of macrophages and NK cells into the tumor. Consequently, it was
inferred that the augmented anticancer effect following combination therapy was attributed
to the induction of innate immunity [58].

2.2.2. Evasion of Innate Immune Response

Ad vectors employ strategies to evade innate immune responses, specifically IFN
responses and DNA damage responses.

Innate immune evasion strategies of Ad parental viruses include the selection of low
immunogenicity serotypes [5,59] and the up-regulation of MYSM1 during viral infection,
inhibiting the activation of innate immune signaling pathways [60]. Considering the
double-stranded DNA nature of the Ad genome, infection by DNA virus can induce the
upregulation of deubiquitinase MYSM1. MYSM1 has the ability to interact with STING
and inhibit the ubiquitination of STING K63, thereby leading to the inhibition of the cGAS-
STING signaling pathway [60]. Improving the efficiency of Ad delivery can enhance the
therapeutic effect by producing more therapeutic proteins and reducing the amount of
virus used, thereby inhibiting the activation of the innate immune response. For example,
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the use of blocking catheters to block hepatic blood flow before Ad vector infusion has
shown the potential to enhance the efficiency of vector delivery [5].

Modification of the viral vector to evade the innate immune response is a commonly
employed strategy.

Studies have revealed that genome modification can efficiently suppress the activation
of an innate immune response [61]. The development of a helper-dependent Ad vector,
incorporating numerous gene modifications, has demonstrated increased transgene expres-
sion levels and reduced vector toxicity. However, it may trigger an acute inflammatory
reaction. To mitigate this adverse reaction, chemical modification of the viral capsid has
been explored. For instance, Yasmine Gabal et al. [62] utilized polyethylene glycol (PEG)
conjugation to Ad, along with cell-penetrating peptides on the cell surface, to minimize
the interaction between the carrier and the host. Consequently, this strategy reduced
the likelihood of recognition by immune cells, thereby attenuating the occurrence of the
innate immune response. In the case of liposome-encapsulated Ad vectors, PEGylation
can offer additional advantages, including the reduction of cytotoxicity, hemolytic activity,
anti-vector immunity, and innate immune response [59].

Given the role of complement system activation in promoting the development of
innate immunity, inhibiting the activation of the complement system could potentially
suppress innate immunity. In pursuit of this objective, Christopher M Gentile et al. [63]
conducted genetic modifications to the hypervariable region of the Ad capsid protein. As a
result, the capsid surface of the Ad vector displayed the rH17d sequence, thereby inhibiting
the classical complement pathway.

The reduction of the likelihood of innate immune response activation can also be
achieved through capsid modification of the Ad vector. Since Ad entry into cells primarily
hinges on its binding to the coxsackie–adenovirus receptor (CAR), the presence of CARs on
various tissue surfaces is constrained. Capsid modification strategies, such as the genetic
incorporation of specific motifs or the chemical conjugation of polymers linked to ligands,
could potentially enhance gene transduction efficiency into tissues with lower CAR density,
consequently diminishing the probability of innate immune response activation [5].

Notably, Svetlana Atasheva et al. [9] employed capsid mutations in a HAdV-C5 vector,
affecting the altered HVR1 region. This modified vector displayed no binding affinity
to IgM in human and mouse serum and evaded recognition by Kupffer cells following
administration [9]. Another approach involved the substitution of the RGD amino acid in
the adenovirus penton protein with a laminin-derived peptide incapable of interacting with
macrophage β3 integrin. The resultant mutant virus exhibited attenuated cytokine activa-
tion in the spleen subsequent to intravenous administration [64]. In summary, structural
modifications to the adenovirus capsid protein can effectively circumvent various stages of
innate immune recognition, leading to the development of safer adenovirus vectors.

The sequence in the hypervariable region (HVR) of the HAdV5 hexahedron was
reciprocally substituted with the corresponding region derived from HAdV48, yielding
novel HAdV vectors. These resultant vectors demonstrated considerable immunogenicity
even when confronted with elevated levels of preexisting neutralizing antibodies target-
ing HAdV5. A novel HAdV vector was further engineered by substituting the relevant
structure of HAdV5 with the knob structure derived from HAdV3. This modification
substantially enhanced the immunogenicity of both the newly created and synthesized
HAdV5 vectors [59].

The deletion of E1A has demonstrated significant significance in the suppression of
the immune response. Through the incorporation of the E3 region into the recombinant Ad
vector, the capacity to mitigate the maximal innate immune response has been achieved,
consequently enabling the sustained expression of Ad genes over an extended period [65].

In light of the presence of preexisting neutralizing antibodies, Peng Lv et al. [66]
devised a strategy involving bioengineered membrane nanovesicles (BCMNs). They em-
ployed in vitro genetic membrane engineering and CRISPR engineering methods on ery-
throcyte membranes to maintain the infectivity and replication ability of OAd. Notably,
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encapsulation of OAd with BCMN resulted in a significant reduction in serum levels of
IL-6 and TNF-α, indicating that encapsulation of OAd with BCMN significantly inhibited
the OAd vector-induced innate immune response by protecting the OAd surface from the
immune system.

3. AAV Vector Therapy

3.1. Introduction to AAV Vector
3.1.1. Principle of Action of AAV Vector

AAV is composed of a 26 nm diameter icosahedral protein capsid and a single-stranded
DNA (ssDNA) genome measuring approximately 4.7 kb in length (Figure 1). At each end
of the genome, there are inverted terminal repeat (ITR) sequences spanning 145 nucleotides.
These ITR sequences adopt a hairpin structure, which is a cis-acting element essential for
initiating DNA replication and packaging the recombinant AAV genome into infectious
virions. Positioned between the ITR sequence is the viral coding region, which encompasses
two open reading frames (ORFs). These ORFs give rise to the replication protein Rep, capsid
protein Cap, and the packaging activation protein AAP [67]. The Rep gene encodes four
non-structural proteins: Rep78, Rep68, Rep52, and Rep40, which are mainly involved in
viral genome replication and integration into the host genome. The Cap gene, on the other
hand, encodes three structural capsid proteins, VP1, VP2, and VP3. Assembly activation
protein AAP primarily facilitates viral genome packaging and the subsequent release from
host cells [68]. Among the structural capsid proteins, VP1, VP2, and VP3, there exist
60 copies in a ratio of VP1: VP2: VP3 = 1:1:10. AAV is incapable of self-replication and relies
on co-infection with other helper viruses for replication, such as Ad and herpes simplex
virus (HSV), for its replication process.

Based on variations of AAV capsid protein, AAV can be categorized into 13 wild
types and over 100 mutants [69]. Each serotype exhibits distinct infection efficiencies
across various tissues and cell types. Notably, AAV demonstrates exceptional stability,
rendering it more resistant to temperature and pH fluctuations compared to other viral
vectors. Furthermore, AAV exhibits lower immunogenicity than other viruses [70], and
most AAV vectors do not integrate their DNA into the genome of patients. Consequently,
the risk of insertion mutations associated with AAV vectors is minimal. These inherent
properties render AAV highly suitable for specific gene therapy applications.

The primary AAV utilized in gene therapy is recombinant AAV (rAAV), which has the
same capsid sequence and structural organization as wild-type (WT) AAV. However, the
genome packaged within rAAV has undergone modifications, wherein the AAV protein
coding sequence is deleted and a therapeutic gene expression cassette is inserted. No-
tably, ITR represents the only viral-derived sequence present in rAAV. Furthermore, rAAV
exhibits optimal genome loading capacity, accommodating sequences of up to 5.0 kb or
less [2].

Although AAV is less immunogenic than Ad, the capsid proteins, as well as the
delivered nucleic acid sequences, can trigger various components of our immune systems.
Most people have already been exposed to AAV and have already developed an immune
response to the specific variant to which they were previously exposed, resulting in a
pre-existing immune response in the sense that neutralizing antibodies (NAbs) against the
AAV are already present. NAbs against AAV2 are the most prevalent in the human body,
and the prevalence of NAbs against AAV8 and AAV5 is the lowest, so these serotypes are
more conducive to use as gene therapy vectors [71].

3.1.2. Application of AAV Vectors in Gene Therapy

A range of approved AAV vector-based drugs is presently available (Table 1). In 2012,
Glybera marked the first recommendation of an AAV vector gene therapy for treating
lipoprotein lipase deficiency [17]. Nonetheless, due to economic considerations, Glybera
was withdrawn from the market in 2017 [72]. In 2017, Luxturna, an AAV2 vector gene
therapy, received FDA approval for addressing Leber congenital amaurosis attributed to
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RPE65 mutations [18,73]. In 2019, Zolgensma, a scAAV-SMN1 gene therapy, gained FDA
approval to treat spinal muscular atrophy (SMA) [20]. Eladocagene exuparvovec (Upstaza),
a gene therapy drug vector founded on rAAV2-hAADC, obtained EMA approval in 2022 to
address severe ADCC deficiency in patients [24]. Likewise, in 2022, valoctocogene roxa-
parvovec (Roctavian), a gene therapy agent vector-built upon AAV5-hFVIII-SQ, secured
EMA approval for treating severe hemophilia A (congenital factor VIII deficiency) in adults
without a history of FVIII inhibitors and without detectable antibodies to AAV5 [25].

Most of the current studies involve the direct administration of AAV vectors to
patients [74]. Gene therapy has emerged as a promising therapeutic approach for hemophilia,
and AAV2 stands as the pioneering vector employed in its treatment [75]. Furthermore,
AAV3 and AAV5 exhibit potential for hemophilia therapy, demonstrating improvements
in disease severity [76–78]. AAV8 is considered the optimal vector for the treatment of
hemophilia [79]. Compared with AAV2 and AAV5, AAV8 boasts a lower prevalence in
human seroprevalence, elicits a reduced immune response towards the vector capsid,
and exhibits a pronounced affinity for the liver. Consequently, AAV8 facilitates efficient
transduction of hepatocytes when administered to animal models through the peripheral
circulation [80,81].

AAV holds promise in the treatment of ocular disorders. Given the highly compart-
mentalized nature of the eye and the absence of lymphatic vessels, it is generally believed
that the risk of activating the innate immune response is low when AAV vectors are admin-
istered into the eyes [82]. It has been reported that subretinal vector delivery is associated
with lower immunogenicity compared to intravitreal injection [83]. Studies employing
subretinal injection of AAV2 and AAV8 in patients with Leber’s congenital amaurosis,
retinal degeneration, and CNGA3-linked achromatopsia have demonstrated improvements
in visual acuity and favorable safety profiles [84–86].

AAV vectors have emerged as a potential therapeutic option for neurological disor-
ders. Commonly utilized vectors include AAV1, AAV2, AAV5, and AAV8. AAV2, as a
first-generation vector, has demonstrated its safety and efficacy in the treatment of various
neurological conditions, including Parkinson’s disease [87], Alzheimer’s disease [88,89],
AADC deficiency [90], and several genetic diseases. As the second-generation vector, AAV5
has shown promise in ameliorating Huntington’s disease (HD) [91] and spinocerebellar
ataxia type 3 (SCA3), respectively [92]. AAV9, belonging to the third generation of vec-
tors, exhibits the capability to efficiently target the brain and spinal cord. Compared with
other serotypes, AAV9 can demonstrate enhanced blood–brain barrier penetration follow-
ing intravenous administration, offering the potential for minimally invasive therapeutic
interventions [93].

AAV vectors have emerged as a promising approach for the treatment of muscular
diseases. For instance, AAV9 has shown efficacy in reducing the severity of spinal muscular
atrophy (SMA) in patients [94]. In the case of Duchenne muscular dystrophy (DMD),
patients treated with rAAVrh74 experienced significant improvements in their motor abili-
ties after one year of treatment [95]. Furthermore, the administration of AAV8 vectors to
patients with X-linked myotubular myopathy (XLMTM) resulted in the recovery of exercise
capacity [96].

AAV vectors have also shown potential in the treatment of hearing impairment.
Studies utilizing AAV1-VEGFA165, exo-AAV1-GFP, AAV9-PHP.B, and other vectors have
demonstrated improved blood supply and alleviation of hearing loss in animal models,
highlighting their safety and therapeutic potential in this field [97–99].

3.2. Innate Immune Responses against AAV Vectors
3.2.1. Occurrence of Innate Immune Response

Despite the diminished innate immune response observed in AAV compared to Ad
vectors, the host immune response remains a significant hurdle in achieving sustained and
effective therapeutic gene expression [100]. These immune responses encompass cytotoxic
T lymphocyte (CTL) responses against AAV capsids and therapeutic proteins, the presence
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of NAbs against AAV viral particles, the production of antibodies against therapeutic
proteins, and innate immune responses triggered by AAV transduction [101].

Observation of activated innate immune responses subsequent to AAV vector infusion
has also been documented in clinical trials. In a clinical trial involving AAV5-hFIX gene
therapy among adults with hemophilia B, the onset of fever and elevated ALT levels within
24 h post-vector delivery indicated the activation of the innate immune response [77].

Previous investigations demonstrated that administration of a high dosage of AAV
vector intravenously to mice for 1 h elicited escalated transcription of genes associated
with inflammatory cytokines and chemokines, including TNF-α, RANTES, MIP-1β, MIP-2,
MCP-1, and IP-10 [102].

TLR9-mediated sensing of CpG motifs in the AAV genome is likely to occur during
endosomal trafficking, where partially exposed virions can be recognized (Figure 3). Al-
ternatively, viral capsid degradation within lysosomes can expose the genome to TLR9,
leading to the activation of nuclear factor kappa-B (NF-κB) and interferon regulatory fac-
tor 7 (IRF7) via myeloid differentiation primary response protein88 (MyD88) signaling
pathway. This activation ultimately regulates the production of IFN-I and ISGs [103]. In
addition to TLR9 activation, an upregulation in the transcription of TLR2, which recog-
nizes microbial proteins and glycolipid structures, has also been observed following rAAV
infection, suggesting the potential involvement of TLR2 in innate immunity against rAAV
vectors [13,104].

Figure 3. An overview of the innate response to AAV vectors. (A) Upon AAV infection, AAV’s
genome DNA can act as PAMP, leading to the activation of TLR2 and TLR9. Then, TLRs activate
NF-κB and IRF7 via MyD88 signaling pathway, this activation ultimately regulates the production
of IFN-I and ISGs [13,103,104]. (B) The ITR structure of the AAV genome may activate cytoplasmic
DNA to induce cGAS and antiviral genes and activate the cGAS-STING signaling pathway [105].
(C) Due to the promoter activity of the ITR of AAV, AAV may form dsRNA in target cells and trigger
the RIG-I/MDA5-mediated RLR-MAVS innate immune signaling pathway [83,106]. The “(?)” in
the figure implies that dsRNA could be theoretically formed during this process, but has not been
demonstrated so far.
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The presence of NAbs not only reduces the efficiency of vector transduction and
compromises the therapeutic effect but also triggers complement activation in the presence
of NAbs against the capsid. The complement system, consisting of a variety of proteins,
constitutes a significant component of the host’s innate immune system, encompassing
the classical pathway and the lectin pathway. While it is commonly believed that the
complement system plays a limited role in the innate immune response against AAV,
Manish Muhuri [13] argues that the evidence from pathological observations suggests the
activation of complement in the human body in response to AAV.

The utilization of self-complementary AAV (scAAV) vectors enhances the efficacy
of the vector by facilitating faster and more robust transgene expression. Thus, in turn,
allows for the administration of lower and safer vector doses. However, when compared
to the single-stranded AAV (ssAAV) vector, the use of the scAAV genome leads to an aug-
mented innate immune response towards the transgene, primarily due to activation of the
TLR9/MyD88 pathway. The DNA component of the AAV vector, as well as the potential
production of dsRNA [106], resulting from the ITR promoter activity, can function as an
adjuvant, activating innate immunity alongside other host-specific factors. The buildup of
dsRNA would subsequently trigger the MDA5 sensor within human hepatocytes trans-
duced with AAV, resulting in the induction of type I interferons (IFNs) expression [83,107].
Following their release, type I IFNs activate a similar array of ISGs through their interaction
with IFN-α receptors. A significant portion of the proteins encoded by these genes func-
tion in the regulation of signaling pathways or transcription factors, thereby substantially
amplifying IFN synthesis and augmenting both the antiviral signal and antiviral state. In
summary, the innate immune response elicited by AAV vectors may lead to decreased
efficacy of gene therapy.

The ITR structure of the AAV genome may activate cytoplasmic DNA receptors.
Studies have demonstrated that rAAV can induce cGAS and antiviral genes such as TNF-α
and IFN-γ [105]. The ITR, located at either end of the AAV or within the bidirectional
promoter, can generate reverse complementary positive-strand RNA and negative-strand
RNA. These RNA molecules form dsRNA in target cells, subsequently triggering the
innate immune response mediated by the dsRNA recognition receptor. As cytoplasmic
RNA sensors, RLRs can activate downstream innate immune signaling pathways through
adaptor protein MAVS. RLRs include three RNA-binding proteins: MDA5, RIG-I, and
LGP2. MDA5 and RIG-I can recognize the dsRNA formed by AAV, thereby activating the
RLR-MAVS signaling pathway to induce the production of IFN-β [13].

3.2.2. Evasion of Innate Immune Response

Various strategies exist that do not entail genetic alteration of AAV vectors but aid
in circumventing the innate immune response. For instance, within AAV gene therapy,
distinct serotypes exhibit varying affinities for different tissues, thereby necessitating the
choice of serotypes compatible with specific disease contexts [5]. Additionally, the adoption
of less immunogenic vector delivery approaches can be considered [83].

Given that AAV serotypes exhibit differential tissue tropism, selecting an appropriate
serotype in line with the target tissue becomes imperative in gene therapy. For instance,
employing AAV8 vectors for treating liver disorders can enhance the efficacy of gene
therapy [5]. The immunogenicity of AAV vectors is partly dependent on the dosage
administered. Low doses of vectors are more likely to induce mild inflammation, which can
be controlled and dose not lead to complete loss of transgene expression [83]. The transgene
immune response, which plays a crucial role in the production of anti-capsid antibodies,
is influenced by various factors, including the AAV capsid, the method of vector delivery,
and the tissue specificity of the promoter driving gene expression. Notably, systemic, and
intramuscular vector delivery methods have shown greater immunogenicity compared
to systemic delivery with gene transfer to immune organs or the use of liver-specific
promoters [83].
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Utilizing immunosuppressive agents in gene therapy can impede DNA synthesis and
cellular signaling essential for lymphocyte activation and proliferation. For instance, em-
ploying glucocorticoid dexamethasone can mitigate the innate immune response, thereby
curbing cytokine storms [108].

Furthermore, altering the viral structure to evade the innate immune response stands
as a commonly employed approach.

In clinical trials involving AAV vectors, the used of corticosteroids has been a common
approach to suppress the immune response [109]. Alternatively, more targeted approaches
have been explored, such as modifying the capsids for immune evasion through techniques
like site-directed mutagenesis, directed evolution, and utilizing exosomes. To reduce the
presentation of AAV2 capsid-derived peptide epitopes on MHC class I, the proteasome
inhibitor bortezomib has been employed in hepatocytes [109].

Inhibiting TLR9 activation can diminish innate immune activation probability. In a
study, a short single-stranded DNA oligonucleotide (TLR9i) antagonizing TLR9 activation
was employed. TLR9i sequence was inserted into scAAV vector plasmid encoding human
Factor IX (FIX) to form scAAV8.FIX.io1. In mice, equal amounts of scAAV8.FIX and
scAAV8.FIX.io1 showed minimal innate immune response activation in the liver. Compared
to the PBS injection group, scAAV8.FIX.io1 injection did not elevate IFN gene expression
after 4 h. The TLR9i-modified single-stranded AAV2 vector (AAV2.GFP.wpre.io2) was
used with primary human peripheral blood mononuclear cells from 13 healthy individuals.
AAV2.GFP.wpre induced a stronger cytokine response than TLR9i modification [100].
Recent accounts indicate that the integration of TLR9 inhibitory sequences has led to
reduced immune reactions related to rAAV in mice and pigs [13].

Narendra Maheshri et al. conducted AAV capsid engineering to generate AAV2
variants with enhanced attributes. Their findings highlighted that these AAV mutants
exhibited altered affinities for heparin and demonstrated heightened efficacy in evading
neutralizing antibodies to AAV. This manipulation also bolstered gene delivery, even in the
presence of preexisting neutralizing antibodies to AAV within the population [110].

Research has evidenced that restraining the recognition signaling of TLR9 through
ODN antagonists and inhibiting the NF-κB pathway can decrease innate immune responses,
although full elimination remains elusive. Predominantly, NF-κB inhibitors impede the
initial TLR9 activation while not fundamentally curtailing IFN production. In efforts to
mitigate TLR9-mediated innate immune responses, AAV transgene cassettes are tailored
to diminish TLR9 recognition of CpG sites. This strategic approach has been applied in
clinical trials involving patients with hemophilia [111].

4. Lentiviral Vector Therapy

4.1. Introduction to Lentiviral Vectors
4.1.1. Principle of Action of Lentiviral Vector

LV vectors are spherical enveloped viruses, with a diameter ranging from 80 to 120 nm.
They carry a single-stranded RNA genome with two copies. LV belongs to the retrovirus
genus, capable of infecting both dividing and non-dividing cells, and exhibits a relatively
prolonged incubation period and low pathogenicity [112]. Reverse transcriptase encoded
by the LV genome transcribes viral RNA into dsDNA, which is subsequently integrated
into the host cell genome by viral integrase [112]. The HIV genome consists of two positive-
sense RNA strands, approximately 9 kb in length, encoding nine regulatory and auxiliary
genes gag, pol, env, rev, tat, vpr, vpu, vif, and nef. Within the HIV genome, trans elements
encode functional, structural, and accessory proteins, while non-coding cis elements such
as the long terminal repeat (LTR) are also present.

LV vectors can be categorized into primate LV vectors and non-primate LV vectors
based on the source of the virus. Primate LV vectors consist of human immunodeficiency
virus type 1 (HIV-1), type 2 (HIV-2), and simian immunodeficiency virus (SIV). Among
these, HIV-1 is one of the most widely studied viruses. LV vectors share common character-
istics in terms of viral structure, phagocytosis, and the elicited immune response [113].
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In the current third generation of LV vectors, a conditional packaging platform is
created by removing the tat and a portion of the 3′-LTR, while providing the rev gene
required for replication in trans. Furthermore, the U3 region in the 5′-LTR of the transfer
plasmid is replaced with a constitutive promoter, enabling transcription in the absence of
tat, thereby improving safety and reducing immunogenicity [114–116].

LV generally primarily targets immune cells, particularly macrophages and T lympho-
cytes [113]. HIV-1 mainly infects and replicates within CD4+ T cells, with a smaller fraction
infecting CD4+ DCs and macrophages.

4.1.2. Application of Lentiviral Vectors in Gene Therapy

A range of approved lentiviral (LV) vector drugs currently exist. In 2017, the FDA
granted approval to Kymriah (tisagenlecleucel), a gene therapy drug rooted in LV-CD19, in-
tended for managing acute lymphoblastic leukemia and diffuse large B-cell lymphoma [19].
The year 2020 saw the EU’s endorsement of Libmeldy, a gene therapy drug grounded in
SIN LV, for addressing metachromatic leukodystrophy (MLD) [21]. Similarly, in 2021, the
European Union approved Elivaldogene autotemcel (Skysona, eli-cel), a gene therapy drug
built on LV. ABCD1 is designed for managing cerebral adrenoleukodystrophy (CALD) [22].
Breyanzi (Lisocabtagene Maraleucel), a gene therapy drug founded on LV-CD19, was also
sanctioned by the FDA in 2021, targeting patients with relapsed or refractory large B-cell
lymphomas [23]. Additionally, in 2021, the FDA endorsed Abecma (Idecabtagene Vicleucel,
ide-cel), a gene therapy drug employing LV-CD19 as a vector, for treating relapsed or
refractory multiple myeloma (R/R MM) [23]. Finally, in 2022, Zynteglo (Betibeglogene
Autotemcel, beti-cel), a gene therapy drug hinging on the BB305 LV vector, received FDA
approval for managing β-Thalassemia patients [27].

LV vectors have been utilized as gene therapy vectors in the treatment of genetic
disorders. It has been applied to the treatment of chronic granulomatous disease (CGD).
In a study by Donald B Kohn et al. [117], LV vectors were first utilized to treat X-linked
CGD (X-CGD), resulting in the majority of patients being able to discontinue antibiotic
prophylaxis without associated infections. For patients with transfusion-dependent β-
thalassemia (TDT), LV vector gene therapy has proven to be a safe and effective treatment.
Autologous CD34+ cells transduced with LV vector BB305 have been administrated to pa-
tients with TDT [118,119]. The findings demonstrate that a substantial number of patients
achieve remission of clinical response, experienced a reduction in transfusion frequency, or
even discontinued transfusions altogether. The treatment of infants with server combined
immune-deficiency (SCID) through LV vector transduction has demonstrated remarkable
clinical success. The administration of LV-transduced CD34+ cells to infants with SCID,
followed by targeted low-exposure busulfan infusion, effectively restored immune func-
tion and facilitated normal growth with minimal toxicity and high safety level [120,121].
Mutations in ATP binding cassette subfamily D member 1 (ABCD1) lead to the loss of
adrenoleukodystrophy (ALD) protein function, resulting in X-linked adrenoleukodystro-
phy, Florian Eichler et al. [122] transduced autologous CD34+ cells from patients with
LV vectors and observed the expression of ALD protein in all patients, with majority
patients surviving and experiencing few adverse reactions. LV vector gene therapy may
serve as a viable alternative to allogeneic hematopoietic stem cell transplantation for this
patient population.

Allogeneic hematopoietic stem cell transplantation is also considered the standard
treatment for Hurler syndrome, known as mucopolysaccharidosis type I Hurler variant
(MPSIH). However, this treatment only provides a partial cure and is associated with a
higher incidence of adverse reactions. In a study conducted by Bernhard Gentner et al. [123],
autologous hematopoietic stem and progenitor cells were transduced with LV vectors
encoding α-L-iduronidase (IDUA) in eight children with MPSIH. Interim findings indicated
that the safety profile of this approach was comparable to that of allogeneic hematopoietic
stem cell transplantation. Moreover, gene therapy resulted in previously undetectable
levels of IDUA activity and demonstrated improvements in the patients’ motor abilities
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and cognitive performance. In another application case, the use of LV-transduced bone
marrow-derived CD34+ hematopoietic stem cells (HSCs) in the treatment of children
with leukodystrophy showed promising results. This therapeutic approach effectively
decelerated disease progression, ameliorated neurological abnormalities, and proved to be
safe, delivering substantial treatment benefits [124].

LVs have been investigated in clinical trials as vectors for cancer immunotherapy.
In these trials, LVs are used to modify patients’ immune cells, such as T cells, to express
chimeric antigen receptors (CARs) or T-cell receptors (TCRs) targeting specific tumor
antigens. Acute lymphoblastic leukemia (ALL) carries a bleak prognosis upon relapse
following allogeneic transplantation. In an effort to address this, LV vectors were employed
to transduce a CAR encoding CD3ζ and 4–1BB. Subsequently, gene therapy using LV
vectors yielded a marked enhancement in the long-term survival of patients [125]. LV
vector-transduced fully human belantamab mafodotin (BCMA)-specific CART cells were
utilized to treat multiple myeloma (MM) clinically. The results demonstrated that all
patients successfully expanded CART-BCMA cells [126].

Preclinical investigations have explored the application of LV vector gene therapy
for several diseases prior to clinical implementation. Promising outcomes have been
observed in murine models of breast cancer [127], liver cancer [128], bladder cancer [129],
hemophilia [130–133], and AD [134–136], following treatment with LV vectors.

4.2. Innate Immune Responses against Lentiviral Vectors
4.2.1. Occurrence of Innate Immune Response

LV vectors are mainly derived from HIV-1, necessitating a comprehensive examination
of the innate immune response following HIV-1 infection (Figure 4).

The initiation of innate immune responses following the administration of lentiviral
(LV) vectors has been documented in clinical trials. For instance, in a clinical trial involving
a patient with relapsed and refractory acute myeloid leukemia who underwent LV vector
treatment, pronounced fever episodes manifested within 0.5 to 1 h following daily vector
infusion, indicating the activation of innate immune responses triggered by LV vector gene
therapy [137]. In a preclinical experiment involving mice, intravenous injection of LV vector
induced a swift and transient interferon (IFN) response, marked by the production of IFN-α
and IFN-β [138]. Within four hours of intravenous administration of LV vector to mice, a
rapid and transient upsurge of type I interferon was detected in their serum [102].

PRRs in host cells play a crucial role in recognizing PAMP to drive IFN-mediated
immune responses against the virus. Multiple PAMPs associated with HIV-1 have been
identified, including capsids, genomic RNA, reverse transcription products such as ssDNA,
dsRNA, and RNA-DNA hybrids [139]. When the LV vectors reach the target nucleus
and integrate into the host genome, innate sensors recognize LV nucleic acids and pro-
teins. Notably, the transduction of LV vectors into immune cells and stem cells activates
innate immune responses through TLR recognition [140]. Certain sensors such as TLR7,
TLR8 and unidentified DNA sensors generally recognize nucleic acids associated with
retroviral infection.
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Figure 4. An overview of the innate response to LV vectors. (A) LV RNA genome can activate TLR3,
TLR7 and TLR8, resulting in production of IFN-I and activating innate immunity [140]. (B) In certain
cell types, reverse transcription gives rise to cytoplasmic HIV DNA, thereby leading to the activation
of the cGAS-STING innate immune signaling pathway [139]. (C) The secondary structure of HIV-1
genome RNA can elicit innate immune responses similar to those triggered by full-length genome
RNA, activating the RNA sensor RIG-I in primary human peripheral blood mononuclear cells and
macrophages. The secondary structure of HIV-1 genome RNA can activate the RNA sensor RIG-I in
primary human peripheral blood mononuclear cells and macrophages. Thus, RIG-I-MAVS innate
immune signaling pathway is activated [139,141].

In humans, preexisting immunity to lentiviral (LV) vectors is generally limited. How-
ever, upon the transduction of LV vectors, the nucleic acids and proteins within the vector
can be identified by restriction factors (RFs) which serve as innate immune sensors [142].

HIV-1 RNA, encompassing both genome RNA and newly synthesized RNA, has the ca-
pacity to engage RNA sensors. The secondary structure of HIV-1 genome RNA can elicit in-
nate immune responses similar to those triggered by full-length genome RNA, activating the
RNA sensor RIG-I in primary human peripheral blood mononuclear cells and macrophages.
Thus, the RIG-I-MAVS innate immune signaling pathway is activated [139,141]. Notably,
Andrea Annoni et al. [143] demonstrated that the LV RNA genome can activate TLR3 and
TLR7, resulting in the production of IFN-I and activating innate immunity.

In certain cell types, reverse transcription gives rise to cytoplasmic HIV DNA. Acting
as a PRR, cGAS selectively binds to the stem-loop structure of HIV-1 ssDNA in a sequence-
specific manner and becomes activated by the reverse transcription product, thereby leading
to the activation of the cGAS-STING innate immune signaling pathway [139].

LATS1/2, the core kinase of the Hippo pathway, has been implicated in the regulation
of anti-tumor immunity. Tiansheng He et al. [144] discovered that LATS2 has the ability to
interact with PQBP1, a cofactor of cGAS. This interaction leads to the augmentation of the
antiviral response mediated by the cGAS-STING signaling pathway, subsequently resulting
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in enhanced IFN-I production. Consequently, LATS2 plays a pivotal role in promoting the
development of innate immune responses.

The magnitude of the innate immune response can be further augmented by additional
factors. These factors encompass an elevated vector dose exceeding the initial dosage
administered during HIV-1 infection, loss of viral accessory proteins that aid in immune
evasion during HIV-1 infection, and the stimulation of the cGAS pathway through the
presence of DNA within the vector [140].

4.2.2. Evasion of the Innate Immune Response

The evasion of innate immunity in parental viruses is exemplified by the m6A mod-
ification of the HIV virus, which inhibits the activation of IRF3 and IRF7 [145]. N6-
methyladenosine (m6A) is a type of RNA modification that plays a significant role in
various biological processes. HIV-1 RNA, which contains m6A modifications, has been
observed to regulate the viral infection of CD4+ T cells. A study conducted by Shuliang
Chen et al. [145] investigated the impact of m6A modification of HIV-1 RNA. It was found
that these modifications suppressed the activation levels of the upstream transcription
factors IRF3 and IRF7, which are involved in the production of IFN-I and are crucial for
evading RIG-I-mediated RNA sensing. Consequently, this evasion strategy facilitated the
escape from innate immune responses.

Similarly, akin to AAV and Ad, the evasion of innate immune responses can be attained
through the modification of LV vector or drug regulation.

LVs produced by MHC-free 293T cells or CD47hi LVs were administered intravenously
to rhesus monkeys. The results revealed that CD47hi LV-treated non-human primates
exhibited reduced elevation of macrophage-associated cytokines, indicating a safer and
well-tolerated response. This result suggests that CD47hi LV has the potential to mitigate
the activation of the innate immune system [146].

Furthermore, studies have demonstrated that LV vectors modified by the CD47ED
fusion gene, incorporating extracellular domain-core of CD47 and streptavidin, can trigger
phagocytosis of LV by antiphagocytic cells [147]. Notably, when BX795, an inhibitor of RIG-
I, MDA5, and TBK1/IKKε complex downstream of TLR3, was employed to inhibit innate
immune signals in cell lines, it resulted in significantly improved LV gene modification
efficiency and enhanced LV transduction efficiency. This practical and safe approach shows
promise for future applications [148].

At present, the most commonly used method for transduction of human hematopoietic
stem and progenitor cells (HSPCs) involves the use of LVs. However, it has been observed
that the expression of LVs in stem cells can trigger the innate immune response. Carolina
Petrillo et al. [149] found that cyclosporine H (CSH), a new drug, could enhance the
efficiency of LV transduction and gene editing in HSPCs. Notably, CSH effectively blocked
the IFN response induced by LV vectors, demonstrating a favorable anti-innate immune
response effect.

In a preclinical investigation, Judith Agudo et al. found that mice receiving treatment
with GC dexamethasone (Dex) concurrent with LV vector administration exhibited signifi-
cant upregulation of IFN-induced genes in LV-treated mice. Notably, in the liver of LV +
Dex-treated mice, the expression of these genes was normalized. Furthermore, the total
number of neutrophils and macrophages in the liver was decreased, indicating that the
administration of GC could effectively impede the innate immune response triggered by
the LV vector [150].

In order to reduce the innate immune response caused by LV vectors, specific antibod-
ies can be used to block type I interferon receptor, IL-6, IL-6 receptor, and other specific
antibodies, and applied to LV vectors gene therapy can reduce the occurrence probability
of innate immune response to LV vectors [143].
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5. Conclusions and Prospects

After decades of research and development, the application of viral vectors, includ-
ing Ad, AAV, and LV vectors, in gene therapy has made significant strides and is now
extensively employed in clinical settings. However, the innate immune response to those
vectors and transgenes poses challenges to improving therapeutic efficacies. Investigat-
ing the underlying mechanisms of these innate immune responses can pave the way for
vector evasion, thereby expanding the scope of gene therapy to encompass a wider range
of diseases. At present, ongoing research has demonstrated that the utilization of in-
hibitors or modification of viral vectors can facilitate vector evasion of the innate immune
response, ultimately enhancing the effectiveness of gene therapy. Nonetheless, several
factors hinder the optimal efficacy of gene therapy. Notably, preexisting vector immunity
and the propensity for augmented innate immunity at elevated vector dosages emerge
as substantial limitations within clinical applications, exerting potential impact on the
gene therapy vectors’ effectiveness. In the realm of gene therapy, the comprehension of
host- and vector-related determinants that intricately influence the genesis of cytotoxic
reactions, thereby contributing to the instability of transgene expression duration, remains
limited [107]. Endeavors aimed at refining viral vector transduction strategies, particularly
towards the utilization of diminished dosages, persist as requisite measures to enhance
therapeutic efficacy, a notion especially relevant in clinical settings [142]. Hence, further
investigations are imperative, encompassing not solely the scrutiny of the innate immune
response, but also a comprehensive exploration of the adaptive immune response. Such
in-depth inquiry holds the potential to ameliorate the therapeutic impact of gene therapy.
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Abstract: Viral disinfection is important for medical facilities, the food industry, and the veterinary
field, especially in terms of controlling virus outbreaks. Therefore, standardized methods and activity
levels are available for these areas. Usually, disinfectants used in these areas are characterized by their
activity against test organisms (i.e., viruses, bacteria, and/or yeasts). This activity is usually deter-
mined using a suspension test in which the test organism is incubated with the respective disinfectant
in solution to assess its bactericidal, yeasticidal, or virucidal activity. In addition, carrier methods that
more closely reflect real-world applications have been developed, in which microorganisms are ap-
plied to the surface of a carrier (e.g., stainless steel frosted glass, or polyvinyl chloride (PVC)) and then
dried. However, to date, no standardized methods have become available for addressing genetically
modified vectors or disinfection-resistant oncolytic viruses such as the H1-parvovirus. Particularly,
such non-enveloped viruses, which are highly resistant to disinfectants, are not taken into account in
European standards. This article proposes a new activity claim known as “virucidal activity PLUS”,
summarizes the available methods for evaluating the virucidal activity of chemical disinfectants
against genetically modified organisms (GMOs) using current European standards, including the
activity against highly resistant parvoviridae such as the adeno-associated virus (AAV), and provides
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guidance on the selection of disinfectants for pharmaceutical manufacturers, laboratories, and clinical
users.

Keywords: genetically modified organisms (GMOs); viral vectors; virucidal activity; suspension
tests; virus inactivation; disinfection; AAV; vector

1. Introduction

In Europe, the spectrum of the efficacy of disinfection processes against viruses cur-
rently includes the following three activity levels [1,2], which are “active against enveloped
viruses”, “limited spectrum of virucidal activity”, and “virucidal activity” (which includes
both activity against enveloped viruses and a limited spectrum of virucidal activity). De-
pending on the risk assessment and area of application of the disinfectant (hands, surfaces,
instruments, and laundry), different activity levels are required and can be declared on the
basis of existing standardized test methods. For hygienic hand disinfection and surface
disinfection, the required activity levels are “active against enveloped viruses”, “limited
spectrum of virucidal activity”, and “virucidal activity”. For instrument disinfection they
are “active against enveloped viruses” and “virucidal activity”, and for laundry disinfection
it is “virucidal activity”.

The above-mentioned activity levels were originally developed for the medical area.
For other areas, additional terms with different content are under discussion in the tech-
nical committee (TC) 216 of the European Committee for Standardisation (CEN, Comité
Européen de Normalisation in French).

In addition to the efficacy of disinfection processes against viruses, this overview
draws attention to genetically modified organisms (GMOs) of viral origin. They are
used in numerous laboratories for very different purposes, e.g., for basic research (viral
transduction), for research on and the production of vaccines (e.g., recombinant vaccine
viruses), for gene transfer (viral vectors), or for direct tumour therapy (e.g., native oncolytic
viruses (OV) such as H1-Parvovirus or recombinant oncolytic viruses such as the approved
2015 Talimogene Laherparepvec based on HSV-1) [3,4]. OVs include numerous virus
families that exhibit natural tropisms for specific extracellular oncogenic receptors or
have been genetically engineered to display targeted tropisms for tumour cells while
being restricted in their effects on normal cells [5]. Furthermore, engineered OVs often
additionally express immunotherapeutic factors. In contrast to gene therapy vectors, which
are used to transfer therapeutic genetic material to target tissues and cannot actively infect
the host cells, OVs are less attenuated and can replicate in infected tissues [6].

The continuous progress of research in this field and the constantly evolving technical
possibilities have also led to the development of new perspectives and applications for
cell- and gene-based medicines. For example, viral vectors are successfully used in the
production of functionally modified T cells with chimeric antigen receptors (CAR-T cells) [7]
or offer promising tools for the treatment of genetic diseases. Other gene therapy treatments
have been designed to treat haemophilia A, haemophilia B, or patients with inherited
rare diseases [8,9]. However, in the wake of the COVID-19 pandemic, there is a public
perception and a growing trend of scepticism towards research institutions regarding poor
lab safety standards or even lab leaks due to inadequate biosafety levels. Viral vectors or
genetically modified viruses are assigned to different genetic safety levels. Initially, this
occurs independently of the type and function of the nucleic acid insertions. In Germany,
the classification of viral vectors or GMOs is carried out by the Central Commission for
Biological Safety (ZKBS) on the basis of a risk assessment of the GMOs or viral vectors
to determine their safety for humans, animals and the environment. Viral vectors are
classified as GMOs. As [10] the ZKBS points out, organisms are not only biological entities
that are capable of reproducing but also transmitting genetic material. In addition to the
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typical GMOs of retroviral, adenoviral, or parvoviral origin, oncolytic viruses that are not
genetically modified, such as H-1 parvovirus, are also the subject of this overview.

In the production and use of GMOs or native oncolytic viruses, the question arises as
to which disinfectants should be used when handling them (e.g., in research, development,
production, or clinical application). The selection of a suitable disinfectant cannot be derived
from genetic safety classification, as this indicates potential risks to other organisms and
the environment but does not consider the tolerance or sensitivity of the GMOs or native
oncolytic viruses to disinfectants.

The aim of this overview is to make the various aspects of efficacy testing and the
spectrum of antiviral activity in the selection of disinfectants transparent for supervisory
and monitoring authorities, biosafety officers, and operators of genetic engineering facilities.
In this context, we primarily consider activity against viruses and address the anticipated
changes caused by the European biocide legislation.

2. Efficacy of Disinfectants Depends on Viral Structure

The infectivity of virus particles is essentially determined by the nature of the viral
envelope or the viral capsid (in the case of non-enveloped viruses). Their basic biological
structure can be derived from their viral families or from the respective “donor and recipient
organisms” that determine their biochemical and physical properties. Since disinfectants
initially attack the viral envelope and/or the capsid of virus particles, the selection of the
disinfectant for recombinant viruses or viral vectors (such as chimeric viruses) depends
on the origin of the viral envelope or the viral capsid. Enveloped recombinant viruses
such as viral vectors (GMOs) or “infectious” nucleic acids are unique cases since GMOs
often contain modified viral proteins or other additionally expressed proteins in their
viral membrane. Nevertheless, these genetically modified proteins are not expected to
significantly alter the stability of the lipid envelope when exposed to disinfectants.

Comparative studies with a large number of enveloped viruses have shown that
vaccinia virus—the model virus for enveloped viruses—still has the highest stability and is
thus a good benchmark [11–14] and a well-suited model virus for enveloped viruses. Its
stability might be higher than that of others, as the cell-associated enveloped virus (CEV)
and the extracellular enveloped virus (EEV) are both surrounded by two membrane layers,
while the intracellular enveloped virus (IEV) has three envelopes [15]. Aside from the
structural proteins and lipids, viruses contain nucleic acid that can still be considered as
infectious. However, not all disinfectants destroy or inactivate the nucleic acids (DNA or
RNA) contained in the virus particles. Certain virus groups (e.g., vaccinia viruses, herpes
viruses, adenoviruses, simian virus 40 (SV40), picornaviruses, or parvoviruses) possess
so-called “infectious” virus genomes. In principle, progeny viruses can develop from these
genomes if they enter or are introduced into suitable host cells. However, eukaryotic cells
do not have natural mechanisms for the uptake of free (non-encapsulated) viral genomes.
Therefore, extremely high concentrations and special technical procedures are required
to introduce free nucleic acids into cells in sufficient quantities for productive replication.
Therefore, the infectivity of isolated viral genomes plays only a minor role compared to the
infectivity of complete viral particles in the context of the potential risk of infection they
pose.

According to Klein and DeForest [16], the activity level for the declaration of disin-
fectants is derived from the virus structure [1,17]. Disinfectants that are “active against
enveloped viruses” are sufficient for use against all enveloped viruses. Within the group
of non-enveloped viruses, adenoviruses, noroviruses, and rotaviruses form the group of
lipophilic non-enveloped viruses, for which products with the activity level “limited spec-
trum of virucidal activity” are used. For the more hydrophilic non-enveloped virus agents,
the activity level “virucidal activity” is required. Correspondingly, the same applies mutatis
mutandis to GMOs: GMOs or native oncolytic viruses based on enveloped viruses can
be inactivated using disinfectants that are “active against enveloped viruses”. In the case of
more lipophilic non-enveloped viruses—rotaviruses, noroviruses, adenoviruses or GMOs
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derived from them—disinfectants are required with at least the “limited spectrum of viruci-
dal activity” activity level [2]. However, some GMOs or native oncolytic viruses based on
hydrophilic non-enveloped viruses such as parvoviruses are not inactivated by products
with a “virucidal activity” level. Thus, we require a disinfectant with activity against
parvoviruses [18,19]. Therefore, the German Committee of Virus Disinfection (DVV/GfK)
and the Disinfectant Commission of the VAH (Association of Applied Hygiene) [20] have
implemented a new virucidal activity level “virucidal activity PLUS”, requiring a practical
test against parvoviridae such as those described in the German guideline of 2012 for the
quantitative evaluation of the virucidal activity of chemical disinfectants on non-porous
surfaces [21].

3. Test Methods for the Declaration of Activity against Viruses

For the evaluation of the virucidal efficacy of disinfectants, a two-step procedure is
provided at a national [22–25] and a European level [26–31]. In this model, the efficiency
must be confirmed in quantitative suspension tests (phase 2, step 1) followed by tests under
practical conditions (phase 2, step 2). In suspension tests, virus particles in solution are
mixed with disinfectant plus interfering substances to simulate organic solutions and the
remaining titres determined via endpoint titration. This generally determines whether a
substance reduces viral infectivity and is thus active against viruses. Suspension tests are
well suited for use in preliminary investigations but are carried out with a considerable
excess of disinfectants, thus simulating conditions that are usually not present in practice.
Therefore, the use of suspension tests often results in activities at lower concentrations
and/or shorter exposure times compared to the tests performed under practical conditions
(phase 2, step 2) and thus might overestimate efficacy.

Therefore, the tests performed under practical conditions must correspond to the
situation in which the disinfectants are to be used, e.g., for hand hygiene, spraying surfaces,
and immersing instruments. However, to ensure the efficacy of disinfectants, the test
methods must not only simulate the type of application but should also consider possible
organic contamination. At present, coordinated phase 2, step 2 tests are only used at the
European level to assess antiviral efficacy for surface disinfection via the spray method
(application without mechanical action, EN 16777) [28] and for chemical and chemo-thermal
instrument disinfection via the immersion method (EN 17111) [29]. However, this is not
the case for surface disinfection via mechanical action or hand disinfection. For this reason,
viral test methods are currently being developed for application to the various areas of
application, which also include the different areas of effect, by specifying the respective test
viruses.

Specifically, hand disinfectants must be tested on the hands of volunteers and the
achieved reduction must be compared to that achieved using a reference product tested
in parallel on the same study subjects [32]. For surface disinfectants, the tests must con-
sider whether the surfaces are wiped (i.e., disinfection is carried out with a mechanical
component) or whether the product is sprayed on (without mechanical action). Instrument
disinfectants are normally analyzed for their efficacy with immersion procedures.

The desired efficacy of products can only be guaranteed if they are also used as speci-
fied in the respective application-specific test. To date, test methods have been developed
for the medical and veterinary fields and for the food sector. Special test methods have
not yet been developed for the laboratory sector. If surfaces or the hands of employees are
to be disinfected in laboratories, however, products with proven efficacy can be used in
accordance with the test methods appropriate to the medical or veterinary field. But if the
products are to be used in a way that deviates from the established applications, additional
tests should be performed that largely take into account the desired use.

If there are no official national lists for disinfectants with proven virucidal activity, or
if the existing lists do not include virus-active products (i.e., [33–35]), the user must rely on
the label from the manufacturer.
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In conclusion, the claim or labelling of products as being “active against enveloped
viruses”, or as displaying “limited spectrum of virucidal activity” and “virucidal activity”,
does not mean that products have undergone uniform tests and have actually met the
requirements for the confirmation of efficacy, especially in the application setting.

4. Efficacy Level of Disinfectants and Surrogate Viruses for Disinfectant Testing in
Germany and Europe

In Germany, virucidal claims such as “active against enveloped viruses”, “limited spectrum
of virucidal activity”, or “virucidal activity” are in principle harmonized with those in the
rest of Europe. However, the proof of disinfectant efficacy in Germany is based on more
extensive tests than those used in Europe as additional surrogate viruses (see tables) and
reproducibility (i.e., more test runs) are required. Table 1a–c list the requirements for
virus-active products in the medical field.

Table 1. (a) Overview of disinfectant activity level “active against enveloped viruses” and associated
test methods for the human medical area. (b) Overview of disinfectant activity level “limited spectrum
of virucidal activity” and associated test methods for the human medical area. (c) Overview of
disinfectant activity level “virucidal activity” and associated test methods for the human medical area.

(a)

Active against
Enveloped viruses
(e.g., HBV, HCV, HIV, influenza viruses, herpes viruses)

Basis of the declaration
Test methods and associated test viruses

DVV/VAH European standards

Quantitative suspension test
(Phase 2/Step 1)

DVV/RKI Guideline [22,23]
EN 14476 [27] EN 14476 [27]

Vaccinia virus *
BVDV (oxidative products) Vaccinia virus *

Practical test:
Surface disinfection
(Phase 2/Step 2)

DVV Guideline [21]
EN 16777 [28] EN 16777 [28]

Vaccinia virus * Vaccinia virus *

Practical test: Instrument disinfectio
(Phase 2/Step 2)

EN 17111 [29] (products for pre-cleaning with a combined cleaner/disinfectant)

Vaccinia virus * Vaccinia virus *

(b)

Active against
Enveloped viruses and lipophilic non-enveloped viruses (adenoviruses, noroviruses
and rotaviruses)

Basis of the declaration
Test methods and associated test viruses

DVV/VAH European standards

Quantitative suspension test
(Phase 2/Step 1)

DVV/RKI Guideline [22,23]
EN 14476 [27] EN 14476 [27]

Adenovirus
MNV

Adenovirus
MNV

Practical test:
Surface disinfection
(Phase 2/Step 2)

DVV Guideline [21]
EN 16777 [28] EN 16777 [28]

Adenovirus
MNV

Adenovirus
MNV

Practical test: Instrument disinfection
(Phase 2/Step 2)

Claim cannot be issued
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Table 1. Cont.

(c)

Active against
Enveloped and non-enveloped viruses
(except parvoviridae such as AAV, HAV,
HEV)

Enveloped and non-enveloped viruses
(except parvoviridae such as AAV, HAV,
HEV, papillomaviruses)

Basis of the declaration
Test methods and associated test viruses

DVV/VAH European standards

Quantitative suspension test
(Phase 2/Step 1)

DVV/RKI Guideline [22,23]
EN 14476 [27] EN 14476 [27]

Adenovirus
MNV
Poliovirus †

SV40 [36]
MVM (instrument disinfection ≥ 40 ◦C)

Adenovirus
MNV
Poliovirus
MVM (instrument disinfection ≥ 40 ◦C)

Practical test:
Surface disinfection
(Phase 2/Step 2)

DVV Guideline [21]
EN 16777 [28] EN 16777 [28]

Adenovirus
MNV

Adenovirus
MNV

Practical test:
Instrument disinfection
(Phase 2/Step 2)

EN 17111 [29]

Adenovirus (<40 ◦C)
MNV (<40 ◦C)
SV40 (<40 ◦C)
MVM (≥40 ◦C)

Adenovirus (<40 ◦C)
MNV (<40 ◦C)

MVM (≥40 ◦C)

* Modified vaccinia virus Ankara (MVA) or vaccinia virus strain Elstree. HBV, hepatitis B virus; HCV, hepatitis C
virus; HIV, human immunodeficiency virus; BVDV, bovine viral diarrhoea virus. MNV, murine norovirus. AAV,
adeno-associated virus; HAV, hepatitis A virus; HEV, hepatitis E virus; SV40, simian virus 40; MVM, murine
parvovirus (minute virus of mice; rodent protoparvovirus 1). † Although poliovirus is usually the most resistant
test virus in the suspension test, it cannot be used for practical tests due to its loss in titre after drying [19,37].

As shown in Table 1a (active against enveloped viruses) and Table 1b (limited spectrum
of virucidal activity), there is little to no difference in the test viruses. While the European
method [27] uses vaccinia virus as the test virus in the quantitative suspension test (phase
2/step 1), the German methods [22,23] additionally use bovine viral diarrhoea virus (BVDV)
when testing oxidative products with the activity level “active against enveloped viruses”.

In terms of “virucidal activity” (Table 1c), enteroviruses (EV) such as EV71 and EVD68
and poliovirus are covered by both the German and the European methods. However, this
claim does not cover the highly resistant outbreak viruses hepatitis A (HAV) and hepatitis
E (HEV). Also not included are parvoviridae, including adeno-associated viruses (AAV)
used in gene therapy. Recently, clusters of AAV type 2 were globally reported to occur in
children with acute severe hepatitis in 2022 [38,39]. An additional test virus simian virus
(SV) 40 (as surrogate for human papillomavirus (HPV)) in the DVV/RKI test method makes
another relevant clinical difference as this oncogenic virus is not included in the European
standards.

Products with activity against enveloped viruses remain the correct choice for all
indications where viruses are enveloped. Additionally, the most common non-enveloped
viruses need to be adequately targeted in the area of the application of surface disinfection,
including the disinfection of medical devices.

Since parvoviruses are particularly resistant to disinfectants, products that are to be
used against parvoviridae, including AAV, native oncolytic parvoviruses, HAV and HEV,
must also have proof of activity against parvoviruses. This requires that additional tests
be performed with parvoviruses. However, the current European standards for testing
under practical conditions [28,29] and drafts of new standards published in recent years
do not include murine parvovirus (MVM) as a test organism mandated for testing under
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the practical conditions of surface and instrument disinfectants (with the exception of
chemo-thermal instrument disinfection).

The routine use of murine parvovirus as a test organism is problematic because the
active ingredient concentration or exposure time must be significantly increased to demon-
strate sufficient efficacy against parvoviruses and those active ingredients are limited.

Therefore, for routine disinfection, the previous virucidal claim remains valid, but a
new claim needs to be implemented in the EU to define virucidal activity against highly
resistant viruses. As in the case of Germany [17], this could be the implementation of either
“virucidal activity PLUS” or “high level virucidal active” for highly resistant viruses.

Table 2 presents a proposal for a new virucidal activity claim (“virucidal activity PLUS”)
as already introduced in Germany.

Table 2. Proposal for a disinfectant activity level “virucidal activity PLUS” and associated test methods
for the human medical area.

Active against

enveloped and non-enveloped
viruses (incl. parvoviridae
such as AAV, HAV, HEV,
papillomaviruses)

Claim cannot be issued yet

Basis of the declaration
Test methods and associated test viruses

DVV/VAH European standards

Quantitative suspension test
(phase 2/step 1)

DVV/RKI Guideline [22,23]
EN 14476 [27] n.a.

Adenovirus
MNV
Poliovirus
SV40

n.a.

Practical test:
Surface disinfection
(phase 2/step 2)

DVV Guideline [21] n.a.

Adenovirus
MNV
MVM

n.a.

AAV, adeno-associated virus; HAV, hepatitis A virus; HEV, hepatitis E virus; MNV, murine norovirus; SV40,
simian virus 40; MVM, murine parvovirus (minute virus of mice; rodent protoparvovirus 1). n.a. not applicable.

5. Disinfectant for Oncolytic Viruses or Viral Vectors in Therapy

For users of disinfectants, it is not easy to select suitable conditions or products based
on the information available regarding the various test methods. For example, parvoviruses
are intrinsically resistant to alcoholic formulations [18,37,40]. This high tolerance to al-
cohols was also found for HEV [37] and HAV [41,42]. Therefore, hand disinfectants are
not available against parvovirus-based GMOs or native oncolytic parvoviruses, nor are
they produced for HAV. For hand hygiene, wearing protective gloves and hand washing
is recommended such as in the case of bacterial spores [43,44]. Note that hand washing
can only mechanically reduce the viral load from the hands as soaps are not active against
these resilient viruses. In contrast, for products based on peracetic acid, aldehydes, oxygen
scavengers, and chloramine-T, activity against murine parvovirus was confirmed in practi-
cal tests in various testing laboratories, leading some to claim “virucidal activity PLUS” for
surface disinfection without mechanical action [19,45].

For users of disinfectants, it is not easy to select suitable conditions or products based
on the information available regarding the various test methods. For example, parvoviruses
are intrinsically resistant to alcoholic formulations [18,37,40]. This high tolerance to al-
cohols was also found for HEV [37] and HAV [41,42]. Therefore, hand disinfectants are
not available against parvovirus-based GMOs or native oncolytic parvoviruses, nor are
they produced for HAV. For hand hygiene, wearing protective gloves and hand washing
is recommended such as in the case of bacterial spores [43,44]. Note that hand washing
can only mechanically reduce the viral load from the hands as soaps are not active against
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these resilient viruses. In contrast, for products based on peracetic acid, aldehydes, oxygen
scavengers, and chloramine-T, activity against murine parvovirus was confirmed in practi-
cal tests in various testing laboratories, leading some to claim “virucidal activity PLUS” for
surface disinfection without mechanical action [19,45].

Based on the different virucidal activity levels as described in Tables 1a–c and 2,
Tables 3 and 4 assign the corresponding disinfectant levels of activity to the most commonly
used viral GMOs.

Table 3. Selected oncolytic viruses and their required disinfectant activity levels.

Oncolytic Virus
Virus Family/
Group

Replication-
Competent

Disinfectant Activity
Level to be Used

Recombinant
adenovirus (GMO) Adenoviridae yes limited spectrum of

virucidal activity

Herpes simplex virus
type 1 (GMO or no
GMO)

Herpesviridae yes active against enveloped
viruses

Newcastle disease
virus Paramyxoviridae yes active against enveloped

viruses

Recombinant measles
virus (GMO) Paramyxoviridae yes active against enveloped

viruses

VSV Rhabdoviridae yes active against enveloped
viruses

Zikavirus Flaviviridae yes active against enveloped
viruses

Poliovirus Picornaviridae yes virucidal activity

Parvovirus H-1 Parvoviridae yes virucidal activity PLUS

recombinant vaccinia
virus (GMO) Poxviridae yes active against enveloped

viruses

recombinant fowlpox
virus (GMO) Poxviridae yes active against enveloped

viruses

Reovirus 3 Reoviridae yes virucidal activity *

Senecavirus A Picornaviridae yes virucidal activity *

Coxsackievirus A21 Picornaviridae yes virucidal activity *

Poliovirus type 1
Sabin (GMO) Picornaviridae yes virucidal activity *

* virucidal activity according to European standards is sufficient.

Table 4. Recombinant viral vectors for gene therapy and vaccines as GMOs and the activity level of
disinfectants.

Recombinant
Vectors and
Virus
Derivatives

Virus
Family/Group

Replication-
Competent

Helper Virus
Disinfectant
Activity Level
to be Used

Adenoviruses Adenoviridae

yes
limited spectrum
of virucidal
activity

no Adenoviruses
limited spectrum
of virucidal
activity

Herpes viruses Herpesviridae yes active against
enveloped viruses
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Table 4. Cont.

Recombinant
Vectors and
Virus
Derivatives

Virus
Family/Group

Replication-
Competent

Helper Virus
Disinfectant
Activity Level
to be Used

Measles virus Paramyxoviridae yes active against
enveloped viruses

AAV vectors (all
AAV types) Parvoviridae no

Baculoviruses virucidal activity
PLUS

Adenoviruses virucidal activity
PLUS

Herpes viruses virucidal activity
PLUS

Helper virus-free
system for the
production of
AAV vectors

virucidal activity
PLUS

Vaccinia virus Poxviridae yes active against
enveloped viruses

Lentiviral
vectors (HIV) Retroviridae

yes active against
enveloped viruses

no active against
enveloped viruses

MuLV vectors
and other
retroviral vectors

Retroviridae
yes active against

enveloped viruses

no active against
enveloped viruses

VSV Rhabdoviridae yes active against
enveloped viruses

AAV, adeno-associated virus; MuLV, murine leukaemia virus; VSV, vesicular stomatitis virus.

It is evident that an oncolytic herpesvirus should not differ from a field herpesvirus
regarding its sensitivity to disinfectants as the most important point in this is the envelope,
i.e., a lipid bilayer. Just as with pseudo- or hybrid viruses, where, e.g., VSV-G protein is
incorporated into a lentivirus, characteristics such as tropism might be changed, but the
new virus retains a lipid envelope that can easily be inactivated by disinfectants. Therefore,
a lentiviral vector in gene therapy should be as susceptible to disinfectants as HIV. The use
of nonenveloped viruses with a completely new capsid structure due to modifications of
the capsid proteins can eventually lead to the production of viral-based vectors, a variety
of viral cage with a completely different symmetry and, therefore, with different gaps
generated between capsomers. These differences may increment or reduce the possibility
of disinfectants acting and always must be characterized virologically first (tropism, etc.)
and with regard to their susceptibility to disinfectants. However, so far, the authors are
not aware of any virus in which the biophysical properties have been altered to the point
that disinfectants are no longer active. Note, the possible assignment of reoviruses is
still under discussion. As long as no extensive data on the tenacity of reoviruses are
available, disinfectants should be used with the virucidal activity claim of action according
to European standards. Despite this limitation, the information provided in this review is
relevant for users and authorities as genetically modified viruses are used in research and
medicine. Additionally, the knowledge of how to inactivate them must be made available.

Table 4 also takes into account helper viruses. These are used in the production of
some viral vectors, and some of their structural components are required for the replication
of the viral vector.
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6. Future Aspects Due to European Biocide Regulation

The implementation of the European Biocide Regulation No. 528/2012 [46] is un-
settling the monitoring authorities and genetic engineering facilities in Europe, as many
well-established products may or will no longer be available on the market. Nowadays,
all biocidal products require authorization before they can be placed on the market, and
the active substances contained in that biocidal product must be previously approved.
The Biocidal Products Regulation (BPR) classifies the biocidal products into 22 biocidal
product-types, with surface disinfectants belonging to product type (PT) 2 “Disinfectants
and algaecides not intended for direct use on humans or animals”. This product type
contains, in addition to disinfectants used in the medical field or in laboratories, products
for completely different applications such as the treatment of bath water, air conditioning
systems, or soils (i.e., sand, soil). However, such a collective group makes it difficult to
clearly delineate the areas of application and thus to select suitable products, e.g., for
laboratories.

At present, the majority of disinfectants are marketable on the basis of transitional
regulations, but they do not yet have authorization as biocidal products. The authorization
of biocidal products includes not only efficacy testing but also the assessment of risks to
humans and the environment and is carried out in a two-step process. First, the active
substances contained in the biocidal products are evaluated using a European procedure.
Active substances that have been positively evaluated (“approved”) are included in the
so-called Union list. This list results in the deadlines during which the authorization of the
product must be applied for. If no application is submitted, product marketability ends
after a fixed period. Against this background, impacts on the availability of disinfectants
and potentially on their operational conditions are already present or expected as the
majority of disinfectants are subject to this regulation. As an example, Greek authorities
have proposed to classify ethanol, which has been reliable as a disinfectant in everyday
use, as a “CMR” (carcinogenic, mutagenic, and toxic for reproduction) [47], which would
severely affect its use and thus eliminate a safe, available, and inexpensive ingredient.

7. Conclusions

As has been shown, a variety of test methods exist at both the national and European
level that can be used for the evaluation of disinfectants with declared virucidal activity.
In addition to the methods and claims described here for use in the human medical area,
there are also existing national and European methods that can be applied to the veterinary
field or food, industrial, domestic, and institutional issues. However, there are still no
methods or specifications for laboratories working with viral GMOs or oncolytic viruses
available. Additionally, highly resistant parvoviridae, HAV and HEV, are not yet considered
for surface disinfection in European standards. Also, practical test methods for virucidal
efficacy are currently not available for all applications such as surface, instrument, textile, or
hand disinfection, although much has been implemented in recent years [48]. However, as
specified in EN 14885 [26], further tests under additional conditions such as test organisms,
temperature, contact time, and interfering substances should be carried out according to
the claimed use of a disinfectant. Therefore, EN 14885 enables tests with a highly resistant
test virus such as parvovirus, using a modified standard to provide an opportunity to test
disinfectants against resistant GMO or oncolytic parvoviruses. This could be the basis for
the new claim “virucidal PLUS”.

In Europe, the labelling of the virucidal efficacy of products by the manufacturer is
not uniformly regulated for medicinal products and biocides [49]. In both cases, however,
only the area of application (e.g., food, medical, institutional) and the instructions for use
must be indicated on the product label, but not the test methods (if available) on which
the virucidal activity level is based. Unfortunately, as long as no practical tests for surface
disinfection with mechanical action (four field test) or hand disinfection are approved at
the European level, a manufacturer can state and advertise a “virucidal activity” of such
products even though it has only undergone a quantitative suspension test.
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Taken together, the recommendation for and selection of suitable disinfectants with
proven efficacy for GMO and viral vectors is complex. Since the evaluation of laboratory
test reports for the selection or comparison of different possible disinfectants with proven
virucidal efficacy requires special knowledge and extensive experience, access to accord-
ingly reviewed lists of disinfectants with proven efficacy for the different levels may be
helpful for both the user and for supervisory or monitoring authorities.
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Abstract: Viral vectors have been used for a broad spectrum of gene therapy for both acute and chronic
diseases. In the context of cancer gene therapy, viral vectors expressing anti-tumor, toxic, suicide
and immunostimulatory genes, such as cytokines and chemokines, have been applied. Oncolytic
viruses, which specifically replicate in and kill tumor cells, have provided tumor eradication, and
even cure of cancers in animal models. In a broader meaning, vaccine development against infectious
diseases and various cancers has been considered as a type of gene therapy. Especially in the case
of COVID-19 vaccines, adenovirus-based vaccines such as ChAdOx1 nCoV-19 and Ad26.COV2.S
have demonstrated excellent safety and vaccine efficacy in clinical trials, leading to Emergency Use
Authorization in many countries. Viral vectors have shown great promise in the treatment of chronic
diseases such as severe combined immunodeficiency (SCID), muscular dystrophy, hemophilia, β-
thalassemia, and sickle cell disease (SCD). Proof-of-concept has been established in preclinical studies
in various animal models. Clinical gene therapy trials have confirmed good safety, tolerability, and
therapeutic efficacy. Viral-based drugs have been approved for cancer, hematological, metabolic,
neurological, and ophthalmological diseases as well as for vaccines. For example, the adenovirus-
based drug Gendicine® for non-small-cell lung cancer, the reovirus-based drug Reolysin® for ovarian
cancer, the oncolytic HSV T-VEC for melanoma, lentivirus-based treatment of ADA-SCID disease,
and the rhabdovirus-based vaccine Ervebo against Ebola virus disease have been approved for
human use.

Keywords: viral vector; gene therapy; cancer; chronic disease; vaccines; preclinical models; clinical
trials; approved drugs

1. Introduction

Gene therapy has been defined as the supplementation, correction, or modification
of malfunctional genes by functional equivalents for therapeutic correction of the ab-
sence or reduced levels of gene expression activity [1]. A broader definition considers
oligonucleotide- [2] and RNA interference (RNAi)-based gene silencing [3], immunother-
apy, especially cancer immunotherapy, and vaccine development as gene therapy [4]. More
recently, stem cell technologies [5], chimeric antigen receptor (CAR) T-cell therapy [6], and
Clustered Regularly Interspaced Short Palindromic (CRISPR) [7], providing unprecedent
possibilities for gene replacement and gene editing, have also received gene therapy status.

Viral vectors have played a central role in gene therapy because of their superior
gene delivery capacity compared to non-viral vectors. Moreover, the virus-based trans-
gene expression, depending on the needs, for both short-term and long-term duration
can be achieved. For example, for cancer gene therapy, short-term high-level transgene
expression is advantageous, whereas for chronic diseases such as hemophilia, long-term
transgene expression is necessary. However, the application of viral vectors requires a
higher biosafety level compared to non-viral vectors due to the risk of spread of virus
progeny, especially in the case of using replication-competent and oncolytic viruses. Other
factors of importance are the regulation and termination of transgene expression. The
history of gene therapy has been impacted by some tragic events, which was a setback
for its proclaimed status as “the medicine of the future”. Although the retrovirus-based

Viruses 2023, 15, 698. https://doi.org/10.3390/v15030698 https://www.mdpi.com/journal/viruses172



Viruses 2023, 15, 698

treatment of children with X-linked severe combined immunodeficiency (SCID-X1) was
successful, the insertion of the therapeutic gene into the LMO2 proto-oncogene region
of the genome led to the development of leukemia in a few patients [8]. In another case,
inadequate planning and execution of clinical protocols for adenovirus-based treatment of
the non-life-threatening ornithine transcarbamylase (OTC) deficiency resulted in the death
of an 18-year-old patient [9]. These two incidents in the 1990s had a dramatic impact on
the field of gene therapy, which put it more or less on hold until a renaissance occurred in
recent years. However, during the years, efforts to develop more efficient and safer viral
vectors continued, which has facilitated the return of gene therapy to the front of innovative
drug and vaccine development. Although enormous progress has also been made in the
area of non-viral vectors and their applications in gene therapy, the focus in this review
is uniquely on viral vector systems and their utilization in preclinical studies and clinical
trials.

2. Viral Vector-Based Delivery

Different types of viral vectors based on both DNA and RNA viruses have been
engineered for gene therapy applications (Figure 1). The choice of vector is, to a large
extent, affected by the disease indication, and need of short-term expression for acute
diseases such as infectious diseases and cancers, and long-term expression required for
chronic diseases. In the former case, high-level transient expression from replication-
deficient viral vectors can provide therapeutic efficacy [10]. In the latter case, long-term
expression is often achieved by extrachromosomal presence or chromosomal integration of
the viral vector/transgene for extended therapeutic activity. Typically, replication-deficient
and non-integrating vector systems are only capable of providing long-term transgene
expression in post-mitotic tissues. In any viral vector-based gene therapy application, safety
is of utmost importance [11]. Obviously, long-term treatment and presence of viral vector
and/or transgene sequences in the host genome demands special requirements related
to integration site, control of expression levels, and pharmacokinetics of the therapeutic
product. In the context of cancer gene therapy, oncolytic viruses, which specifically replicate
in tumor cells leading to their killing, have been evaluated as such, or as delivery vectors
for anti-tumor genes both in vitro and in vivo [12]. A comprehensive description of various
types of viral vectors is presented below and summarized in Table 1.

2.1. Adenovirus Vectors

Since the advent of gene transfer in mammalian cells, adenoviruses (Ad) vectors have
been commonly used as viral delivery vehicles [13]. They are non-enveloped viruses pos-
sessing a double-stranded DNA (dsDNA) genome with a packaging capacity of up to 7.5 kb
foreign DNA. However, Ad shuttle vectors have been engineered for accommodation of up
to 14 kb of foreign DNA [14]. The first-generation Ad vectors were hampered by strong
immunogenicity despite removal of the E1/E3 genes from the genome [15]. However, the
immunogenicity has been reduced significantly in replication-deficient second- and third
generation Ad vectors [16]. High-capacity third-generation adenovirus (HC-Adv) vectors,
also known as helper-dependent gutless vectors, have the capacity to accommodate up
to 37 kb of foreign DNA [17]. Moreover, replication-competent oncolytic adenoviruses
have been developed for specific replication in tumor cells, resulting in the killing of tumor
cells [18]. The engineering of packaging cell lines has facilitated large-scale GMP-grade Ad
vector production [19]. Ad vectors provide persistent extrachromosomal transgene expres-
sion lasting for at least one year despite no integration into the host genome [20]. Moreover,
a follow-up study in non-human primates showed transgene expression, although reduced
to 10% of peak values, up to 7 years without any long-term adverse effects [21].
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A. 

 
B. 

Figure 1. Viral vector expression systems. (A) Expression systems engineered for adenoviruses (Ad),
simian virus 40 (SV40), vaccinia virus (VV), reoviruses, adeno-associated viruses (AAV), and herpes
simplex viruses (HSV). (B) Viral vector systems for retro-and lentiviruses (RV), Semliki Forest virus
(SFV), measles viruses and vesicular stomatitis virus (VSV), Newcastle disease virus (NDV), and
coxsackieviruses A (CVA). dsDNA, double-stranded DNA, dsRNA, double-stranded RNA, ssDNA,
single-stranded, DNA, ssRNA, single-stranded RNA, ssRNA+, ssRNA of positive polarity, ssRNA-,
ssRNA of negative polarity.

2.2. Adeno-Associated Virus Vectors

The small non-enveloped single-stranded DNA (ssDNA) adeno-associated virus (AAV)
can only accommodate 4 kb of foreign DNA [22], although, the packaging capacity has
been improved by constructing fragmented, overlapping, or trans-splicing Dual AAV
vectors [23,24]. AAV vectors generally do not cause toxic or pathogenic responses. However,
repeated administration of AAV vectors has generated strong immune responses, reducing
the efficacy of delivery and transgene expression [25]. This problem has been addressed
by applying different AAV serotypes for each AAV re-administration. An alternative
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approach has been to utilize exosome-associated AAV (Exo-AAV), which has supported
the application of reduced AAV doses resulting in reduced immune responses against the
AAV capsid protein [26]. Moreover, Exo-AAV8 vectors have demonstrated long-term liver-
directed gene transfer [27]. AAV vectors can transduce both dividing and non-dividing cells
and usually remain in an extrachromosomal state, although integration of AAV-delivered
genes into the host genome has been reported [28]. In fact, 30-fold higher AAV integration
frequency was obtained by the introduction of 28S ribosomal DNA homology sequences in
AAV vectors, which might contribute to superior treatment of genetic diseases [29].

2.3. Herpes Simplex Virus Vectors

The large herpes simplex viruses (HSV) are enveloped dsDNA viruses, which cause
latent infection in neural ganglia [30]. The engineering of HSV expression vectors has
resulted in long-lasting transgene expression [31]. The linear HSV forms a circularized
viral episome in the nucleus and remains extrachromosomal without integration [32]. HSV
vectors have an excellent capacity of accommodating more than 30 kb of foreign DNA [33].
Engineered HSV amplicons are able to package 150 kb of foreign genetic material [34].
However, HSV vectors have been associated with relatively strong cytopathogenicity,
which has been addressed by the deletion of non-essential genes in the HSV genome [35].
Furthermore, the introduction of micro-RNA sequences (miR-145) in the HSV ICP27 gene
has generated oncolytic HSV vectors, which can selectively reduce cell proliferation in
non-small cell lung cancer (NSCLCs) cells [36]. Efficient HSV packaging systems have
been engineered, such as the helper virus-free system for the HSV amplicon using an
ICP27-deleted, oversized HSV-1 DNA in a bacterial artificial chromosome (BAC) [37].

2.4. Retrovirus and Lentivirus Vectors

The enveloped single-stranded RNA (ssRNA) retroviruses (RVs) possess a packaging
capacity of 8 kb of foreign sequences [38]. The special feature of RVs comprises their reverse
transcriptase activity, which allows the production of dsDNA copies of the RNA genome
for integration into the host genome [39]. The chromosomal integration is advantageous
for long-term transgene expression, although random integration has been of concern,
even resulting in leukemia development in treated SCID-X1 patients [8]. For this reason,
self-inactivating γRV (SIN-γRV) vectors have been engineered, which have proven safe
with no cases of adverse integration or leukemia observed in clinical trials [40]. However,
adenosine deaminase deficient severe combined immunodeficiency (ADA-SCID) seems
to differ from other inherited immunodeficiencies, as insertional oncogenesis is rare after
γRV treatment [41]. For example, none of the 10 patients in a clinical study developed
leukemia [42], and among a total of 50 ADA-SCID patients treated with γRV, only one
showed clinical evidence of leukemia [43]. Packaging cell lines have also been engineered
for RV vectors to support large-scale production of GMP-grade materials [44]. One serious
limitation of gene therapy applications for RV vectors is their capability to only transduce
dividing cells and not non-dividing cells.

In contrast, lentivirus (LV) vectors, which also belong to the family of retroviruses,
can transduce both dividing and non-dividing mammalian cells [45]. Otherwise, LV
vectors share the same features with RVs of an ssRNA genome and a capacity of carrying
8 kb of foreign genetic material. Importantly, LV vectors show low cell cytotoxicity and
due to their ”semi-random” chromosomal integration provide improved biosafety for
clinical applications, although some adverse events and insertional oncogenesis have been
reported [46]. For example, modification of integration of human immunodeficiency virus-1
(HIV-1) by the fusion of the C-terminal HIV integrase-binding region of the LEDGF/p75
protein to the N-terminal chromodomain of heterochromatin protein-1 alpha (HP1 alpha)
reduced the number of integration events [47]. Expression systems for non-human LV
vectors such as simian immunodeficiency virus (SIV) [48], feline immunodeficiency virus
(FIV) [49], and equine infectious anemia virus (EIAV) [50] have been engineered. LV
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producer cell lines have been designed to support large-scale production [51]. However,
the low titers obtained, and residual toxicity have compromised their utilization [51].

2.5. Alphavirus Vectors

Alphaviruses are enveloped viruses with an ssRNA genome of positive polarity and
a packaging capacity of 8 kb of foreign genetic material [52,53]. The positive polarity
of alphaviruses allows the direct translation of viral RNA in the host cell cytoplasm. Al-
phaviruses possess a special feature of RNA self-replication, which generates extreme levels
of transgene expression. The nature of expression is transient due to the rapid degradation
of the alphavirus ssRNA. Alphavirus vectors can be used as recombinant particles, naked or
liposome encapsulated RNA replicons, or plasmid DNA-based replicons [54]. Expression
systems have been developed for Semliki Forest virus (SFV) [55], Sindbis virus (SIN) [56],
and Venezuelan equine encephalitis virus (VEE) [57]. Moreover, naturally occurring on-
colytic M1 viruses [58] and engineered oncolytic SFV vectors [59] have been used for cancer
therapy.

2.6. Flavivirus Vectors

Similar to alphaviruses, flaviviruses are enveloped ssRNA viruses of positive polarity
and therefore possess the feature of self-replicating RNA, providing high levels of transient
transgene expression and the flexibility of using recombinant viral particles, RNA replicons
and DNA replicons [60]. The packaging capacity of flaviviruses is approximately 6 kb.
Kunjin virus (KUN) [60], West Nile virus (WNV) [61], Dengue virus (DENV) [62], tick-borne
encephalitis virus (TBEV) [63], yellow fever virus (YFV) [64], and Zika virus (ZIKV) [65]
have been subjected to the engineering of expression systems. In support of large-scale
KUN [66] and TEBV [63] vector production, packaging cell lines have been engineered.

2.7. Measles Virus Vectors

The enveloped measles viruses (MVs) carry an ssRNA genome of negative polarity [67].
For this reason, the MV RNA first needs to be copied as a positive strand RNA template for
self-replication of RNA in the host cytoplasm before being translated [68]. Approximately
6 kb of foreign genetic material can be introduced into MV vectors. Technologies for reverse
genetics [69] and packaging cell lines [70] have been established. Oncolytic MV strains
such as MV Hu-191 [71] and MV Schwartz [72] have also been used for cancer therapy.

Table 1. Examples of viral vectors used for gene therapy applications.

Virus Genome Insert Size Advantages and Limitations

Adenovirus
Ad5 dsDNA <7.5 kb Broad host range (dividing and non-dividing cells) [13]
Ad26 Excellent packaging capacity of HC-Adv [17]
ChAd Persistent expression, no chromosomal integration [20]

HC-AdV 37 kb Strong immunogenicity [14], reduced for gutless Ad [16]
Oncolytic Ad vectors for tumor targeting and killing [18]

Pre-existing immunity in humans [13]
Packaging cell lines for large-scale GMP production [19]

AAV
AAV2, 3 ssDNA 4 kb Relatively broad host range [22]
AAV5, 6 Limited packaging capacity [22] improved by Dual AAV vectors [23,24]

AAV8, 9 Strong immune response after AAV re-administration, which could be
reduced by re-administration with different AAV serotypes [25]

Dual AAV Exo-AAV vectors have reduced immunogenicity, providing liver-targeted
transgene expression [26,27]

Exo-AAV Generally, AAV remains in an extrachromosomal state [28]
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Table 1. Cont.

Virus Genome Insert Size Advantages and Limitations

HSV

HSV-1 dsDNA >30 kb Broad host cell range [31], excellent [33], extreme for HSV amplicons [34]
foreign DNA packaging capacity

HSV-2 Long-lasting transgene expression from extrachromosomal circular HSV
DNA [32]

HSV amplicons 150 kb Deletion of non-essential HSV genome reduces cytotoxicity [35]
Engineering of oncolytic HSV by introduction of miR145 [36]

Engineering of helper virus-free packaging system [37]

γ-Retrovirus
MMSV ssRNA 8 kb Restricted host range, only dividing cells [38]
MSCV Good packaging capacity of foreign genetic material [38]

SIN-γRV Chromosomal integration due to reverse transcriptase activity [39]
Random integration causing leukemia [8]

Targeted integration with self-inactivating vector [40]
Packaging cell lines for large-scale production [44]

Lentivirus
HIV-1 ssRNA 8kb Broad host range, including non-dividing cells [45]
HIV-2 Good capacity to accommodate foreign genetic material [45]

SIV Non-random chromosomal integration [46]
FIV Non-human LV vectors available [47–50]

EIAV Producer cell lines engineered for LV vectors [51]

Alphavirus
SFV, SIN, ssRNA 8 kb Extremely broad host range, risk of neurovirulence [52]
VEE, M1 Good packaging capacity [53]

RNA self-replication leading to extreme transgene expression [52]
Low immunogenicity of alphaviruses [52]

Transient expression not applicable for chronic diseases, but good for acute
diseases and vaccines [52]

Flexibility to use viral particles, RNA and DNA replicons for delivery [54]
Oncolytic alphaviruses for cancer therapy [58,59]

Flavivirus
KUN, WNV, ssRNA 6 kb Broad host range, relatively good packaging capacity [60]
DENV, TBEV RNA self-replication leading to high transgene expression [60]

YFV, ZIKV Flexibility to use viral particles, RNA and DNA replicons for delivery [60]
Efficient packaging cell lines for KUN [66] and TBEV [63]

Measles virus
MV ssRNA 6 kb Broad host range, relatively good packaging capacity [67]

Positive strand RNA template needed for translation [68]
Development of reverse genetics [69] and packaging cell lines [70]

Oncolytic MV strains for cancer therapy [71,72]

Rhabdovirus
VSV ssRNA 6 kb Broad host range, relatively good packaging capacity [73]

RABV Positive strand RNA template needed for translation [73]
Maraba Reverse genetics systems [74]

Oncolytic rhabdoviruses for cancer therapy [75,76]
Vaccinia-free packaging cell lines [77]

NDV
NDV ssRNA 4 kb Broad host range, modest packaging capacity [78]

Reverse genetics systems available [79]
Oncolytic NDV for killing of tumor cells [79]
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Table 1. Cont.

Virus Genome Insert Size Advantages and Limitations

Poxvirus dsDNA >30 kb
VV Broad host range [80]

Avipox Excellent packaging capacity [80]
Tumor-selective replication-competent VV [81]

Picornavirus
CVA21 ssRNA 6 kb Relatively broad host range [82]
CVB3 Relatively good packacking capacity despite the small size [82]
PV-1 No chromosomal integration [82]

Applications for gene therapy and vaccines [83,84]

Reovirus
Reovirus-3 dsRNA ND Oncolytic activity in different types of cancer cells [85]

Reoviruses replicate preferentially in Ras activated tumor cells [86]
Combination therapy with radio-, chemo-, and immunotherapy [87]
Endoplasmic reticular stress-mediated apoptosis in cancer cells [88]

Polyoma virus
SV40 dsDNA 17.7 kb Superb packaging capacity of 17.7 kb for SV40 with small genome [89]

Vero cell-based SV40 packaging system [90]
Inhibition of tumor cell progression [91]

AAV, adeno-associated virus; Ad, adenovirus; CVA21, coxsackievirus A21; CVB3, coxsackievirus B3; DENV,
Dengue virus; dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; Exo-AAV, exosome-associated
AAV; FIV, feline immunodeficiency virus; HC-Adv, high-capacity Ad gutless vector; HIV, human immunod-
eficiency virus; HSV, herpes simplex virus; KUN, Kunjin virus; M1, oncolytic alphavirus; MMSV, Moloney
murine sarcoma virus; MSCV, murine stem cell virus; ND, not determined; NDV. Newcastle disease virus; PV-I,
poliovirus-1; SFV, Semliki Forest virus; SIN, Sindbis virus; SINγRV, self-inactivating gamma retrovirus; SIV,
simian immunodeficiency virus; ssDNA, single-stranded DNA; ssRNA, single-stranded RNA; TBEV, tick-borne
encephalitis virus; VEE, Venezuelan equine encephalitis virus; VV, vaccinia virus; WNV, West Nile virus; YFV,
yellow fever virus; ZIKV, Zika virus.

2.8. Rhabdovirus Vectors

Also, rhabdoviruses are enveloped ssRNA viruses with a negative-stranded genome [73].
Reverse genetics methods have been applied for the generation of rhabdovirus expression
systems [74]. Generally, 6 kb of foreign sequences can be accommodated in rhabdovirus
vectors [73]. Expression systems have been engineered for rabies virus (RABV) [92], vesic-
ular stomatitis virus (VSV) [93], and Maraba virus [94]. The majority of the oncolytic
rhabdovirus vectors are based on VSV [75] and Maraba virus [76]. Moreover, vaccinia-free
packaging cell lines have been established for VSV [77].

2.9. Newcastle Disease Virus Vectors

The enveloped negative-stranded ssRNA Newcastle disease virus (NDV) has a limited
packaging capacity of only 4 kb of foreign genetic material [78]. However, this has not been
a major issue as NDV vectors possess oncolytic activity and specifically replicate in tumor
cells, resulting in efficient cell killing and tumor eradication [95]. Oncolytic NDV vectors
have been used for cancer therapy in both preclinical animal models and clinical trials [76].
Reverse genetics have also been used for the NDV-73 T strain to modify the cleavage site of
the fusion (F) protein, which decreased the pathogenicity in chicken without reducing the
potency of tumor cell killing [96].

2.10. Poxvirus Vectors

Poxviruses are large, enveloped dsDNA viruses [80], which show an outstanding pack-
aging capacity of more than 30 kb of foreign DNA. Among poxviruses, vaccinia virus (VV)
vectors have been frequently used for prophylactic and therapeutic applications in the fields
of infectious diseases and cancers [97]. Engineering of tumor-selective replication-proficient
VV vectors has proven an attractive approach for cancer therapy [81]. In the context of
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avian poxviruses such as the non-replicating avipox virus, good biosafety standards have
been achieved for non-avian species [98].

2.11. Picornavirus Vectors

The small non-enveloped picornaviruses contain an ssRNA genome and are capable
of introducing up to 6 kb of foreign genetic material despite their small size [81]. Both
coxsackievirus A21 (CVA21) [82] and the attenuated coxsackievirus B3 (CVB3) [83] have
proven useful for gene therapy and vaccine development. Expression systems have also
been engineered for the PV-1 poliovirus [84].

2.12. Reovirus Vectors

The enveloped dsRNA reoviruses possess oncolytic activity, showing killing of differ-
ent types of cancer cells [85]. It has been documented that reoviruses replicate preferentially
in tumor cells with activated genes of the Ras family or Ras-signaling pathway, which
can be found in 60–80% of human malignancies [86]. Reovirus vectors have been demon-
strated to invoke immune stimulation for reversing tumor-induced immunosuppression
and promotion of anti-tumor immune responses [99]. Reoviruses have also been combined
with radiotherapy, chemotherapy, immunotherapy, and surgery for cancer treatment [87].
Moreover, reovirus serotype 3 (Reolysin®) induces endoplasmic reticular stress-mediated
apoptosis in in vivo models of pancreatic cancer [88].

2.13. Polyoma Virus Vectors

Although, the small non-enveloped dsDNA viruses possess a genome of only 5 kb,
for example, the simian virus 40 (SV40) can package 17.7 kb of foreign DNA [89]. Packag-
ing of virus-like particles (VLPs) containing no SV40 wildtype sequences can be carried
out in vitro. Additionally, Vero cell-based packaging systems have been engineered for
SV40 [90]. SV40 vectors have demonstrated successful delivery of anti-viral agents, DNA
vaccines, suicide, chemoprotective, and anti-angiogenic genes for successful inhibition of
tumor cell progression [91].

3. Gene Therapy Applications

Due to the many gene therapy studies conducted with viral vectors, it is only possible
to provide an overview here through examples from preclinical studies and clinical trials
for various diseases. The examples are selected to cover most disease indications using
different types of viral vectors without indicating any preference of vector choice. The
findings are also summarized in Tables 2–5.

3.1. Cancer

Different types of cancers have been frequently targeted by viral vector-based gene
therapy and immunotherapy, and the potentially straightforward tumor killing with no
need for long-term transgene expression. In addition to intratumoral administration,
tumor targeting by specifically designed vectors [100], utilization of tumor-specific promot-
ers [101], and application of oncolytic viruses [9] have been tested (Table 2).

Table 2. Preclinical and clinical examples of viral vectors applied for cancer therapy.

Viral Vector Phase Findings

Breast cancer
HSV-HF10 Pre Substantial tumor regression, prolonged survival in mice [102]

Reolysin + anti-PD1 Pre Superior tumor regression, prolonged survival in mice after combination [103]
M1 Pre Targeting and killing of 4T1 mammary tumors in mice [104]

PANVAC Phase I SD in 4 patients, complete response in 1 patient [105]
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Table 2. Cont.

Viral Vector Phase Findings

Gliomas
M1 Pre Specific targeting of C6 glioma cells [106]
M1 Pre Replication of M1 in gliomas in mice, rats, and macaques [107]

SFV-IL-12 Pre 87% reduction of RG2 glioma size in rats [108]
SFV-VA Pre 100% eradication of small, 50% eradication of large tumors in mice [59]

RRV Toca 511-CD Pre Prolonged survival in mice with orthotopic gliomas [109]
m-ZIKV Pre Prolonged survival in mice with implanted glioblastomas [65]
MV-CEA Phase I Trial in progress in patients with recurrent glioblastoma [110]

RRV Toca 511 Phase I Prolonged survival of 13.6 months in HGG patients [111]
RRV Toca 511 Phase II/III No improvement in overall survival in HGG patients [112]

Colon cancer
KUN-GM-CSF Pre Cure of >50% of mice with CT26 colon tumors [113]

VSV(M51R) Pre Reduced luciferase expression in tumors, prolonged survival in mice [114]
M-LPO Pre Superior oncolytic activity in mice [115]

SFV-LacZ RNA Pre Protection against tumor challenges in mice after a single injection of RNA [116]

VEE-CEA Phase I Antigen-specific responses and prolonged survival in colorectal cancer
patients [108,117]

vvDD Phase I Th1-biased immune responses against vvDD and tumors in patients [118]

Melanoma
KUN-GM-CSF Pre Significant tumor regression, 67% of mice tumor-free [113]

NDV-IL12/IL15 Pre Superior survival after NDV-IL15 compared to NDV-IL12 in mice [119]
VSV-LCMV-GP Pre Significant tumor regression, prolonged survival in melanoma models [120]
VSV-XN2-ΔG Pre Strong tumor regression in mice [121]

CVA21-ICAM-DAF Pre Tumor regression, reduced tumor burden in mouse melanoma model [122]
MG1-hDCT + Ad Pre Ad-hDCT prime-Maraba MG1-hDCT booster elicited immune responses [94]

HSV-HF10 + CTLA4 Phase III Good safety and antitumor activity in patients [102]
HSV T-VEC Phase II/III Good tolerance, promising therapeutic effect in melanoma patients [123]
HSV T-VEC Approval Approved for treatment of advanced melanoma in the US, Europe, Australia [124]

Pancreatic cancer
Adsur-SYE Pre Complete tumor regression in mice [125]
PANVAC Pre Superior immune response in pancreatic mouse cancer models [126]

SV40-hRT-SST2 Pre Long-term inhibition of tumors in Capan-1 mouse tumor model [91]
HSV-HF10 Phase I PR in 3 patients, SD in 4 patients, PD in 9 patients [127]

Ovarian
VSV-LCMP-GP Pre Tumor regression in ovarian cancer mouse models [128]

VSV-LCMP-GP + Rux Pre Superior therapeutic activity after combination therapy [128]
VSVMP-p DNA Pre 87–98% tumor regression in ovarian mouse cancer models [129]

SIN AR339 Pre Ovarian cancer cell killing, tumor regression in mice [130]
MV-CEA Phase I SD in all 9 patients, overall survival twice to the expected time [131]

Prostate
MV-CEA Pre Delay of tumor growth, prolonged survival [132]

MV-sc-Fv-PSMA Pre Specific killing of prostate tumors, enhanced by radiation [133]
MV + MuV Pre Superior antitumor activity, survival after combination therapy [134]
VEE-PSMA Pre Strong Th1-biased immune responses in mice [135]

VEE-mSTEAP Pre Prime immunization with DNA, booster with VEE specific immunogenicity [136]
VEE-PSCA Pre Long-term survival in 90% of TRAMP mice [137]

VV-GLV-1h123-NIS Pre Inhibition of tumor growth, prolonged survival in prostate cancer models [138]
VSV-PSMA Phase I Good safety, disappointingly weak immune responses [139]

Adsur-SYE, adenovirus vector with survivin promoter, pancreatic cell-targeting ligand SYENFSA; CD, yeast
cytosine deaminase; CTLA4, anti-CTLA-4 antibody; DAF, decay accelerating factor; HGG, high grade glioma; HSV,
herpes simplex virus; ICAM-1, intercellular adhesion molecule-1; KUN. Kunjin virus; LCMP-GP, lymphocytic
choriomeningitis virus-glycoprotein; M1, oncolytic alphavirus; M-LPO, liposome-encapsulated M1 alphavirus;
mSTEAP, mouse six-transmembrane epithelial antigen of the prostate; m-ZIKV, mouse-adapted Zika virus; MV,
measles virus; NDV, Newcastle disease virus; PD, progressive disease; PR, partial response; Pre, preclinical studies;
PSCA, prostate stem cell antigen; PSMA, prostate-specific membrane antigen; RRV replicating retrovirus; Rux,
ruxolitinib; SD, stable disease; SFV, Semliki Forest virus; SIN, Sindbis virus; TRAMP, transgenic adenocarcinoma
of the prostate; VSV, vesicular stomatitis virus; vvDD, oncolytic vaccinia virus.
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For example, substantial tumor regression and prolonged survival were observed
in mouse breast tumor models after treatment with an HSV-HF10 vector [102], and the
co-treatment with a reovirus vector and checkpoint inhibitor PD-1 antibody [103]. The
oncolytic M1 alphavirus efficiently targeted and killed 4T1 mammary tumors in mice [104].
In one example of a clinical study, the PANVAC vaccine based on VV and fowl pox was
subjected to a phase I trial in heavily pre-treated breast cancer patients [105]. Stable disease
(SD) was observed in four patients and one patient showed a complete response [105]. In the
context of gliomas, the M1 alphavirus showed specific targeting of C6 glioma cells [106] and
replication in gliomas in mice, rats, and macaques [107]. Moreover, SFV particles expressing
interleukin-12 (SFV-IL-12) were administered via an implanted canula, which reduced RG2
gliomas by 87% in rats [108]. In another study, the replication competent SFV VA7 showed
strong killing of human glioma cells, and intravenous administration in BALB/c mice
completely eradicated 100% of small and 50% of large subcutaneous U87 tumors [59]. In
the case of RV vectors, the replicating retroviral vector (RRV) Toca 511 carrying the yeast
cytosine deaminase (CD) provided extended survival in mice implanted with orthotopic
gliomas [109]. ZIKV has demonstrated specific targeting and killing of glioblastoma stem
cells (GSCs), and administration of the mouse-adapted ZIKV (m-ZIKV) strain prolonged
survival substantially in mice with implanted glioblastomas [65]. Moreover, MV particles
expressing the carcinoembryonic antigen (CEA) [140] have been subjected to a phase I trial
in patients with recurrent glioblastoma multiforme [110]. In a phase I trial, patients with
recurrent or progressive high-grade glioma (HGG) who received the RRV Toca 511 vector
showed a statistically relevant extended survival of 13.6 months [111]. In contrast, the
overall survival was not prolonged in phase II/III trials in HGG patients [112].

KUN-based expression of the granulocyte macrophage-colony stimulating factor (GM-
CSF) resulted in cure in more than 50% of CT26 colon tumor-bearing mice [113]. In another
approach, the oncolytic VSV(M51R) strain was administered intraperitoneally into BALB/c
mice carrying luciferase-expressing CT26 tumors, which resulted in eradication of tumors
demonstrated by reduced luciferase expression and prolonged survival of mice [114]. M1
alphavirus particles encapsulated in liposomes (M-LPO) were able to inhibit the growth of
colorectal LoVo and liver Hep3B cancer cells [115]. Moreover, intravenous administration
of M-LPO reduced the production of M1-specific neutralizing antibodies in mice, resulting
in superior oncolytic activity [106]. In an interesting approach, only a single injection
of 0.1 μg of naked SFV-LacZ replicon RNA provided protection in mice with implanted
CT26 colon tumors against tumor challenges [116]. Additionally, therapeutic activity and
prolonged survival were found in mice with pre-existing tumors [116]. In the case of
clinical trials, VEE-CEA particles were administered to stage III and IV colorectal cancer
patients in a phase I trial [117]. It was found that antigen-specific immune responses were
detected in both stage III and IV patients, and the overall survival was extended. In another
phase I trial, patients with advanced colorectal cancer were subjected to oncolytic vvDD
poxvirus particles, which elicited potent Th1-biased immune responses against vvDD and
tumors [118].

Melanoma has been frequently targeted for gene therapy applications of viral vectors.
For example, KUN-GM-CSF particles generated significant tumor regression and cured 67%
of mice with B16-OVA melanomas [113]. In another approach NDV vectors were applied
for the expression of IL-12 and IL-15 [119]. Intratumoral administration of NDV-IL12
and NDV-IL15 into a mouse melanoma model suppressed tumor growth. NDV-IL15 was
superior, showing 26.6% higher survival rate compared to NDV-IL12 [119]. In another study,
chimeric VSV particles expressing the lymphocytic choriomeningitis virus glycoprotein
(LCMV-GP) showed significant tumor regression and prolonged survival in syngeneic
melanoma tumor models [120]. In another study on VSV, strong tumor regression was
seen in C57BL/6 mice implanted with B16-OVA melanomas after subcutaneous injection
of an oncolytic VSV vector [121]. In the context of picornaviruses, a single subcutaneous
injection of CVA21 particles expressing the intercellular adhesion molecule-1 (ICAM-1)
and the decay-accelerating factor (DAF) resulted in tumor regression and reduced tumor
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burden in a mouse melanoma model [122]. The oncolytic Maraba MG1 strain expressing the
human dopachrome tautomerase (hDCT) neither elicited antitumor immune responses nor
therapeutic activity in mice with B16-F10 metastases [94]. However, prime immunization
with Ad-hDCT followed by a booster immunization with Maraba MG1-hDCT elicited
strong immune responses [94]. In contrast, the Maraba MG1 strain provided a long-lasting
cure in sarcoma-bearing mice, and protection against challenges with sarcoma tumors [79].
In a phase III study, HSV-HF10 was combined with the checkpoint inhibitor anti-CTLA-4
antibody, demonstrating a good safety profile and antitumor activity in patients with non-
resectable or metastatic melanoma [102]. HSV vectors, especially the oncolytic talimogene
laherparevec (HSV T-VEC) vector expressing GM-CSF, have been assessed in Phase II
and III clinical trials, showing a tolerable adverse event profile and promising therapeutic
efficacy superior to GM-CSF therapy [123]. However, responses in visceral metastases have
been modest. HSV T-VEC has been approved for the treatment of advanced melanoma in
the US, Europe, and Australia [124].

Due to the aggressive nature and difficulty to treat pancreatic cancer, gene therapy
efforts have been welcomed as an alternative strategy. For example, administration of Ad
vectors containing the survivin promoter and the pancreatic cancer cell-targeting ligand
SYENFSA (SYE) resulted in complete regression of pancreatic neuroendocrine tumors
(PNETs) in mice [125]. Related to poxviruses, a heterogenous prime-boost strategy applying
the PANVAC system for VV and fowl pox vectors elicited enhanced immune responses
in pancreatic mouse cancer models [126]. A replication-competent SV40 vector carrying
the tumor-specific human telomerase (hTR) RNA promoter and the somatostatin receptor
tumor-suppressor 2 (SST2) gene showed long-term inhibition of tumor growth in the
Capan-1 pancreatic mouse tumor model [91]. In a phase I trial, the oncolytic HSV-HF10 was
administered intratumorally to patients with non-resectable locally advanced pancreatic
cancer, showing partial response (PR) in three patients, SD in four patients, and progressive
disease (PD) in nine patients [127].

In the case of ovarian cancer, the VSV-LCMV-GP showed tumor regression in sub-
cutaneous and orthotopic ovarian cancer mouse models [128]. Moreover, the therapeutic
efficacy was improved by co-administration of VSV-LCMV-GP and the JAK1/2 inhibitor
ruxolitinib [128]. Application of the liposome-encapsulated VSVMP-p DNA vector ex-
pressing the VSV membrane (M) protein for intraperitoneal injection in mice reduced the
tumor weight by 90%, and prolonged survival of mice with implanted ovarian tumors [141].
Moreover, the ovarian tumor growth was inhibited by 87–98% [129]. In another study,
intraperitoneal administration of the oncolytic SIN AR339 vector resulted in ovarian cancer
cell killing and tumor regression in mice [130]. In a clinical setting, MV-CEA particles were
evaluated in a phase I trial in patients with recurrent ovarian cancer [131]. No dose-limiting
toxicity was associated with the treatment, and SD was achieved in all nine treated patients.
Moreover, the median overall survival was 12.15 months, which is twice the expected time.

Related to prostate cancer, intratumoral administration of MV-CEA particles delayed
tumor growth and prolonged survival in PC-3 prostate tumor-bearing mice [132]. In
another study, an MV vector expressing a single-chain antibody (sc-Fv) specific for the
extracellular domain of the prostate-specific membrane antigen (PSMA) was administered
to mice with LNCaP and PC3-PSMA prostate tumors [133]. MV-sc-Fv-PSMA provided
specific infection and killing of PSMA-positive prostate cancer cells, which was further en-
hanced by radiation therapy. Co-administration of oncolytic MV and mumps virus (MuV)
vectors showed superior antitumor activity, and prolonged survival in mice with PC-3
prostate tumors compared to administration of either MV or MuV vectors alone [134]. In
another approach, VEE-based expression of the prostate-specific membrane antigen (PSMA)
elicited strong PSMA-specific immune responses in BALB/c and C57BL/6 mice [135]. A
single immunization induced strong T- and B-cell responses, which were Th1-biased. More-
over, a booster immunization with VEE particles expressing the mouse six-transmembrane
epithelial antigen of the prostate (mSTEAP) 15 days after a prime immunization with
gold-coated conventional pcDNA-3-mSTEAP plasmids elicited specific immune responses
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against mSTEAP, a modest but significant delay of tumor growth, and prolonged the overall
survival of mice [136]. Moreover, administration of VEE particles expressing the prostate
stem cell antigen (PSCA) resulted in long-term survival in 90% of transgenic adenocarci-
noma of the prostate (TRAMP) mice [137]. In addition, administration of the VV GLV-1h123
vector expressing the sodium iodide symporter (NIS) gene provided significant inhibition
of tumor growth, and extended survival time in prostate cancer mouse models [138]. In
the context of clinical evaluation, a phase I trial was conducted in patients with castration
resistant metastatic prostate cancer (CRPC) with VEE-PSMA particles [139]. Although
the procedure showed good safety standards, the PSMA-specific immune responses were
disappointingly weak.

3.2. Cardiovascular Diseases

Gene therapy-based applications for cardiovascular diseases have mainly focused on
Ad and AAV vectors (Table 3). For example, expression of the sarcoplasmic reticulum Ca2+

ATPase (SERCa2a) by an Ad vector restored both systolic and diastolic heart functions to
normal levels in a rat model of heart failure [142]. Ad-SERCa2a also managed to improve
coronary blood flow, and reduced cardiomyocyte size in a rat model for type 2 diabetes [143].
SERCa2a has also been expressed from AAV-1 vectors leading to increased coronary blood
flow in a pig model [144]. Moreover, LV-based expression of SERCa2a provided protection
against left ventricular dilation, improved systolic and diastolic functions, and reduced
mortality rates in an ischemic rat heart failure model [145]. Moreover, expression of
the hepatocyte growth factor (HGF) led to improved heart function in a postinfarct pig
heart model [146]. In other approaches, cardiac arrythmia has been treated with Ad
vectors expressing Connexin 43 (Cx43) or the I(Kr) potassium channel alpha subunit,
resulting in increased conduction velocity, prevention of atrial fibrillation, and reduced
tachycardia after myocardial infarction in pigs [147] and prevention of fibrillation in a swine
model [148], respectively. The pMX5 retrovirus has been applied for the expression of the
transcription factors GATA4, MEF2C, and TBX5 for the reprogramming of non-myocytes in
the mouse heart to cardiomyocyte-like cells to reduce infarct size and to attenuate cardiac
dysfunction [149].

Table 3. Preclinical and clinical examples of viral vectors applied for cardiovascular, metabolic, and
hematological diseases.

Viral Vector Phase Findings

Cardiovascular
Ad-SERCa2a Pre Restoration of systolic/diastolic heart function in rat heart model [142]
Ad-SERCa2a Pre Improved coronary blood flow, reduced cardiomyocyte size in rats [143]

AAV1-SERCa2a Pre Increased coronary blood flow in pig model [144]
LV-SERCa2a Pre Protection against dilation, improved systolic and diastolic functions [145]

Ad-HGF Pre Improved heart function in a post-infarct pig model [146]
Ad-Cx43 Pre Prevention of atrial fibrillation, reduced tachycardia in post-infarct pigs [147]

Ad-KCNH2 Pre Prevention of fibrillation in swine model [148]
pMX5-GATA4/TBX5 Pre Reprogramming cells to reduce infarct size, attenuated cardiac dysfunction [149]

Ad-VEGF Phase I Improved myocardial perfusion reserve, relief in symptoms in angina patients [150]
Ad-VEGF Phase II Improved treadmill exercise, no improvement in myocardial perfusion [151]
Ad-FGF4 Phase I/II Improved treadmill exercise [152,153], stress-induced myocardial perfusion [154]

AAVI-SERCa2a Phase I Improved in functional, symptomatic, ventricular/remodeling parameters [155]
AAV1-SERCa2a Phase II Improved walking, oxygen consumption, ventricular endosystolic volume [156]
AAV1-SERCa2a Phase IIa Reduced number of cardiovascular events and deaths [157]
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Table 3. Cont.

Viral Vector Phase Findings

Metabolic
AAV-GUS Pre Single injection reversed mucopolysaccharidosis phenotype in mice [158]

AAV-LDL-R Pre Nearly normal lipid levels, prevention of severe atherosclerosis in mice [159]
AAV-FGF21 Pre Therapeutic efficacy in transgenic mice as model for T2DM [160]
AAV8-PAL Pre Long-term correction of hyperphenylalaninemia in mice [161]
AAV8-GAA Pre Therapeutic activity and attenuated Pompe disease phenotype in mice [162]

MSCV-Insulin Pre Decreased blood glucose, increased insulin, reversal of diabetes in mice [163]
MMTV-Ad36 E4orf1 Pre Improved glucose excursion in mice [164]

AAV-PBGD Phase I Unable to correct AIP phenotype, but reduced hospitalization [165]
AAV-hAAT Phase I Above background levels of hAAT in patients [166]
AAV-hAAT Phase II Strong immunostaining of AAT in muscle biopsies [167]

Hematology
Ad-FVIII Pre Physiological levels of FVIII in mice [168]
Ad-FIX Pre Long-term expression of FIX in nude mice [169]
Ad-cFIX Pre Correction of hemophilia B in dogs, but only 1–2% FIX after 3 weeks [170]

Ad-cFIX + CsA Pre CsA restored therapeutic FIX levels for at least 6 months [171]
AAV6/AAV8-FVIII Pre Therapeutic levels of FVIII lasting for >3 years in dogs [172]

AAV8-FVIII Pre 1–2% of normal FVIII levels, prevention of 90% of bleeding episodes in dogs [173]
AAV8/AAV9-FVIII Pre 1.9–11.3% of normal FVIII, no effect on chromosomal integration in dogs [174]

AAV8-FIX Pre 25–40% of normal FIX levels in hemophilic dogs [175]
AAV-FVIII Phase I/II 8–60% of normal FVIII levels in hemophilia A patients [176]

AAV5-hFVIII-SQ Phase I Clinical benefits, reduced bleeding events in hemophilia A patients [177]
AAV8-FIX Phase I 1–6% of normal FIX levels in hemophilia B patients for 3.2 years [178]

scAAV2-FIX Phase I Stable expression of FIX for 7 years, reduced bleedings in patients [176]
AAVS3-FIX Phase I/II Stable expression for 27 months required immunosuppression in patients [179]
AAV5-FVIII Approval Conditional marketing approval for severe hemophilia A by EMA [180].

2bF8 LV Pre Sustained FVIII expression. correction of hemophilia A phenotype in mice [181]
SIN-LV-cFIX Pre Long-term stable expression of FIX in dogs [182]

2bF9/MGMT LV Pre 2.9-fold increase in FIX expression, reduced blood clotting time [183]
LV-PKDL/R Pre LV-transduced HSCs corrected hemolytic anemia phenotype in mice [184]

MSCV-FANCA CR Transient gene correction in 2 Fanconi anemia patients [185]
LV-RPS19 Pre Cure of DBA in an RPS19 DBA-deficient mouse model [186]

LentiGlobin BB305 Phase I Stop of transfusion of red blood cells in β-thalassemia patients [187]
LentiGlobin BB305 Phase III Sustained HbAT87Q, non-β0/β0 genotype patients independent of transfusions [188]

GLOBE LV Pre In utero gene therapy providing normalized hematological phenotype in mice [189]
GLOBE LV Phase I/II Transfusion discontinued or reduced in β-thalassemia patients [190]
LV-HSCs Pre Anti-sickling protein expression in mice [191]

LentiGlobin BB305 CR Transfusions in the SCD patient could be discontinued [192]
LentiGlobin BB305 Phase I/II Clinical remission or reduced frequency of transfusions in SCD patients [193]

HIV-HSV-TK Pre Prolonged survival of mice with acute T-cell leukemia (ATL) [194]
SIN-GALV.fus Pre Antitumor activity against acute myeloid leukemia (AML) xenografts in mice [195]

AAV6-CD33-iCasp9 Pre Antitumor and apoptotic activity, prolonged survival in zebrafish [196]
LOAd703 + CAR T Pre Lymphoma killing in cell lines and in xenograft mouse models [197]

HSVrantes/HSVB7.1 Pre Complete tumor regression after combination therapy in mice [198]
HSV-1 T-01 Pre Intratumoral and contralateral tumor regression in mice [199]

AAV8-h1567 mAb Pre Strong antitumor activity, prolonged survival in mice [200]
SIN + α4-IBB Ab Pre Complete lymphoma eradication, long-lasting immunity in mice [201]

CVA21 RNA Pre Rapid tumor regression in mice, comparable to CVA21 particles [202]
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Viral Vector Phase Findings

VSV-IFN-β Pre Eradication of tumors, prolonged survival in mice [203]
Reolysin Pre Reduced tumor burden in xenograft and syngeneic myeloma mouse models [204]

2bF8 LV, LV vector with integrin alpha-2b promoter; 2bF9/MGMT LV, LV vector with alpha-2b promoter; FVIII
gene; hAAV, adeno-associated virus; AAVS3, AAV3 with synthetic capsid protein; Ad, adenovirus; AIP, acute
intermittent porphyria; CR, case report; CsA, cyclosporin A; Cx43, connexin 43; DBA, Diamond-Blackfan anemia;
EMA, European Medicines Agency; FANCA, Fanconi anemia complementation group A; FGF4, fibroblast growth
factor 4; FGF21, fibroblast growth factor 21; FIX, factor IX; FVIII, factor VIII; hAAT, human alpha-1-antitrypsin;
GAA, acid α-glucosidase; GALV.fus, gibbon ape leukemia virus fusion protein; GUS, β-glucuronidase; h1567
mAb, anti-CCR4 monoclonal antibody; HbA, hemoglobin; HSCs, hematopoietic stem cells; HSV, herpes simplex
virus; HSV-TK, herpes simplex virus-thymidine kinase; KCNH2, I(Kr) potassium channel alpha subunit; LDL-R,
low density lipoprotein receptor; LentGlobin BB305, LV vector expressing HbAT87Q; MMTV, mouse mammary
tumor virus; MSCV, murine stem cell virus; PAL, phenylalanine amino lyase; PBGD, porphobilinogen deaminase;
pMX5, retrovirus; Pre, preclinical studies; RPS19, ribosomal protein S19; scAAV8, self-complimentary AAV8;
SERCa2a, sarcoplasmic reticulum Ca2+ ATPase; SIN-LV, self-inactivating LV; SIN, Sindbis virus; T2DM, type 2
diabetes mellitus; VEGF, vascular endothelial growth factor; VSV, vesicular stomatitis virus.

Related to clinical evaluation, in a phase I trial, intramyocardial administration of
the vascular endothelial growth factor (VEGF) expressed from Ad vectors generated im-
provement in myocardial perfusion reserve and relief of symptoms in refractory angina
patients [150]. In a phase II study in patients with severely symptomatic coronary artery
disease, the Ad-VEGF vector showed significant improvement in treadmill exercise, al-
though, no improvement in myocardial perfusion was observed [151]. In a series of phase
I-II AGENT (Angiogenic GENe Therapy) trials, the fibroblast growth factor 4 (FGF4) was
expressed from Ad vectors in patients with chronic stable angina [152–154]. The studies
demonstrated symptomatic improvement in exercise time [152], sex-specific benefits for
treadmill exercise [153], and improvement in stress-induced myocardial perfusion [154].
AAV1-SERCa2a has been evaluated in a phase I study in patients with heart failure, which
led to an improvement in functional, symptomatic, and ventricular/remodeling param-
eters [155]. In a phase II study, improvements in a walking test, peak maximum oxygen
consumption, and left ventricular endosystolic volume were seen in patients with class
III/IV heart failure after AAV1-SERCa2a treatment [156]. In another phase IIa trial, AAV1-
SERCa2a treatment reduced the number of cardiovascular events and deaths [157].

3.3. Metabolic Diseases

More than 30 metabolic diseases have been subjected to viral vector-based gene
therapy studies [205] (Table 3). AAV vectors have been used in the majority of studies. For
example, AAV-based expression of β-glucuronidase (GUS) has been used for treatment
of the lysosomal storage disease mucopolysaccharidosis [158]. Intramuscular injection
of AAV-GUS generated high levels of local GUS. In contrast, only low GUS activity was
detected after intravenous administration in mice [158]. However, even low levels of
GUS reduced the glycosaminoglycan levels to normal in the liver and reduced storage
granules substantially, and a single administration of AAV-GUS was sufficient to reverse
the disease phenotype in mice [158]. AAV vectors have also been used for the expression of
the low-density lipoprotein receptor (LDL-R) in the liver, which provided nearly complete
normalization of serum lipid levels and prevention of severe atherosclerosis in mice [159].
Related to type 2 diabetes mellitus (T2DM), expression of the fibroblast growth factor
21 (FGF21) from AAV vectors provided substantial reduction in body weight, adipose
tissue hypertrophy and inflammation, and insulin resistance for more than one year in
transgenic ob/ob mice or wildtype mice receiving a high-fat diet [160]. In the context
of phenylketonuria (PKU), a single injection of an AAV8 vector, containing the human
antitrypsin (hAAT) promoter for the liver-specific expression of phenylalanine amino lyase
(PAL), generated long-term correction of hyperphenylalaninemia in mice [161]. Moreover,
AAV8 vectors expressing the acid α-glucosidase (GAA) gene have been evaluated for the
treatment of Pompe disease, a glycogen storage disease [162,206]. Liver-specific GAA
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expression led to therapeutic activity and attenuated the disease phenotype in mice. RVs
such as murine stem cell virus (MSCV) have been used for expression of the human insulin
gene in diabetic mice, showing decrease in blood glucose levels, increase in secreted insulin,
and reversal of diabetes for up to 6 weeks [163]. Moreover, the hyperglycemic Ad36 E4orf1
protein was expressed from an murine mammary tumor virus (MMTV) vector generating
improved glucose excursion in C57BL/6 mice despite their high fat diet, and enhanced
glucose levels without increasing insulin sensitivity [164].

In the case of clinical trials, intravenous administration of AAV particles expressing
the porphobilinogen deaminase (PBGD) gene in a phase I trial in patients with acute
intermittent porphyria (AIP) did not correct the AIP phenotype but suggested a trend
towards a reduction in hospitalization and heme treatment [165]. In another approach, a
phase I trial on patients with alpha-1-antitrypsin (AAT) deficiency was conducted with
AAV vectors expressing the human AAT gene [166]. The safe intramuscular administration
of AAV-hAAT generated AAT expression above background levels, which was sustained
for at least one year. A follow-up phase II trial demonstrated antibody responses in all
patients, however, not against AAT [167]. Despite that, strong immunostaining of AAT was
detected in muscle biopsies.

3.4. Hematological Diseases

Among hematological diseases, hemophilias have been successful targets for gene
therapy to correct the mutated factor VIII (FVIII) [207] and factor IX (FIX) [208] genes
causing hemophilia A and B, respectively (Table 3). Originally, Ad vectors were applied
showing sustained expression of the full-length FVIII at physiological levels in mice [168].
Furthermore, Ad-based long-term FIX expression of more than 300 days could be estab-
lished in nude mice [169]. Ad-based expression of the canine FIX (cFIX) provided complete
correction of the hemophilic phenotype in FIX-deficient hemophilia B dogs [170]. How-
ever, the cFIX levels decreased to only 1–2% of normal FIX levels in three weeks, but
co-administration of the immunosuppressive cyclosporin A (CsA) restored therapeutic FIX
levels and correction of hemophilia B for at least 6 months [171].

The limited packaging capacity of AAV vectors has presented some difficulties related
to hemophilia therapy due to the large size of the FVIII gene [209]. For this reason, the
B-domain deleted (BDD) FVIII has been expressed from AAV vectors [210]. In addition, the
choice of AAV serotype is important as AAV8 provided much higher FVIII activity than
AAV2, 3, 5, and 7 serotypes [211]. For example, AAV2-based expression of the canine BDD
FVIII was only transient, while AAV6 and AAV8 vectors provided persistent therapeutic
levels of FVIII, lasting for more than 3 years [172]. In another canine study on AAV8-FVIII,
1–2% of normal FVIII levels were achieved, which prevented 90% of bleeding episodes [173].
Moreover, a study with AAV8 and AAV9 in nine dogs showed 1.9–11.3% of normal levels
monitored for 10 years [174]. Liver samples from six dogs identified 1741 unique integration
sites in the genome, none of which induced tumors or altered liver function. Related to
hemophilia B, AAV8-based FIX delivery increased FIX expression by 8–12-fold, with 25–40%
of normal FIX levels in hemophilic dogs [175].

In clinical trials, interim results from a phase I/II study in six hemophilia A patients
treated with a single injection of AAV-FVIII generated 8–60% of normal FVIII levels [176].
Moreover, a single infusion of the AAV-FVIII SQ variant (AAV5-hFVIII-SQ) showed sus-
tained clinically relevant benefits with a decrease in bleeding events, and no need for
prophylactic FVIII use in severe hemophilia A patients in a multiyear follow-up study [177].
AAV8-FIX particles were evaluated in a phase I trial in hemophilia B patients, which
provided 1–6% of normal FIX levels for at least 3.2 years [178]. In another approach, self-
complementary AAV2 vectors expressing FIX (scAAV2-FIX) showed stable FIX production
for 7 years, contributing to substantial reduction in bleeding in hemophilia B patients [176].
In a phase I/II study, the AAVS3 vector, containing a synthetic capsid protein, was subjected
to expression of FIX (FLT180a), which resulted in dose-dependent increase in FIX levels
with five patients showing 51–78%, three patients 23–43%, and one patient 260% of the
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normal FIX levels [179]. Although sustained FIX expression was detected for 27 months,
immunosuppression with glucocorticoids was required in all patients. Approval for condi-
tional marketing of an AAV5 vector expressing the BDD FVIII cDNA for the treatment of
severe hemophilia A has been granted by the European Medicines Agency (EMA) [180].

LV vectors have also been evaluated for hemophilia gene therapy. For example, the
FVIII gene was expressed from a platelet-specific integrin alpha 2b promoter engineered
into an LV vector (2bF8 LV) and transduced into mouse bone marrow [181]. Mice trans-
planted with 2bF8 LV-transduce bone marrow generated functional FVIII activity, survival
of tail clipping, and correction of the hemophilia A phenotype. In the case of hemophilia
B, expression of cFIX from a self-inactivating LV (SIN-LV) vector, carrying a hepatocyte-
specific promoter, generated long-term stable FIX expression in dogs [182]. In another
approach, the 2bF9/MGMT LV vector, which contains the alpha-2b promoter, the FIX, and
methylguanine-DNA-methyltransferase (MGMT) 140K genes, provided a 2.9-fold higher
FIX expression and 3.7-fold higher FIX activity in platelets after hematopoietic stem cell
(HSC) transduction [183]. In transplanted mice, the blood clotting time was significantly
reduced while the expression of therapeutic platelet-FIX was enhanced in mice.

Hemolytic anemia has been approached by transduction of HSCs by LV expressing
the pyruvate kinase L/R (PKL/R) to compensate for pyruvate kinase deficiency (PKD),
which corrected the hematological phenotype in mice [184]. The oncoretroviral MSCV
vector has been used for ex vivo transfer of the Fanconi anemia complementation group A
(FANCA) gene to treat Fanconi anemia (FA) [185]. Despite good safety and tolerability, the
gene correction was transient due to the low dose of infused gene-corrected cells. In the
context of Diamond-Blackfan anemia (DBA), LV-based expression of the ribosomal protein
S19 (RPS19) provided cure of DBA and lethal bone marrow in an RPS19-deficient DPA
mouse model [186].

In addition, β-thalassemia caused by more than 200 mutations in the β-globin gene [212]
has been the target for viral-based gene therapy. For example, ex vivo transduced
LentiGlobin BB305, an LV vector expressing the adult human hemoglobin T87Q mutant
gene (HbAT87Q), allowed 12 β-thalassemia patients with the β0/β0 genotype to stop red
blood cell transfusions and in 9 other patients, the transfusion volume could be reduced
by 73% in a phase I study [187]. Interim results from a phase III trial with LentiGlobin
BB305 confirmed the expression of sustained levels of HbAT87Q and for patients with the
non-β0/β0 genotype to become independent of transfusions [188]. The GLOBE LV vector
has been subjected to intrahepatic administration in utero in a humanized mouse model,
which resulted in a normalized hematological phenotype at 12–32 weeks of age [189]. In a
phase I/II trial, rapid recovery was achieved in three adult and six pediatric β-thalassemia
patients treated with GLOBE LV vector-transduced stem cells [190]. The transfusion could
be completely discontinued in children and reduced in adults.

In the context of sickle cell disease (SCD), which is caused by a single mutation in
the β-globin chain of the adult α2β2 hemoglobin tetramer [213], HSCs transduced with
LV vectors expressing a βA-globin variant have demonstrated long-term expression for
10 months and accumulation of anti-sickling protein up to 52% of total hemoglobin in mouse
models [191]. In a case report, LentiGlobin BB305-transduced bone marrow cells showed
no SCD-related clinical events and the patient’s transfusions could be discontinued [192].
In a phase I/II trial, autologous CD34+ cells were transduced with LentiGlobin BB305
expressing the anti-sickling βA-T87Q globin gene, which caused no adverse events in three
SCD patients [193]. Clinical remission was observed in two patients, and the frequency of
transfusions could be reduced in one patient.

Among hematological diseases, leukemias, lymphomas, and myelomas have also
been subjected to gene therapy applications using viral vectors, as described previously
in more detail [214]. Briefly, LV (HIV) vectors expressing herpes simplex virus-thymidine
kinase (HSV-TK) were administered intraperitoneally to adult T-cell leukemia (ATL)-NOD-
SCID mice, which generated significantly lower levels of secreted IL-2 and prolonged
survival of mice compared to administration of an HIV vector expressing GFP [194]. Ex-
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pression of a hyperfusogenic gibbon ape leukemia virus envelope glycoprotein (GALV.fus)
from a SIN vector resulted in antitumor activity against human acute myeloid leukemia
(AML) xenografts in mice [195]. In another approach, the AAV6-CD33 vector carrying an
antibody-binding CD33 epitope targeting leukemia cells was utilized for the expression
of the inducible caspase 9 (iCasp9) suicide gene in an AML xenotransplantation model in
zebrafish [196]. AAV6-CD33-iCasp9 treatment resulted in antileukemic activity, a higher
number of apoptotic cells, and prolonged survival.

In the case of lymphomas, the oncolytic Ad vector LOAd703 expressing CD40L and
4-1BBL was combined with chimeric antigen receptor (CAR) T-cell therapy, demonstrating
increased killing of lymphoma cell lines and lymphomas in xenograft mouse models [197].
HSV amplicon vectors have been used for the expression of RANTES (HSVrantes) and
the T-cell costimulatory ligand B7.1 (HSVB7.1) [198]. Complete EL4 tumor regression was
observed in mice after intratumoral co-administration of HSVrantes and HSVB7.1, and
in contralateral tumors. Similarly, intratumoral injection of the third generation HSV-1
T-01 vector provided tumor regression not only in injected tumors but also in non-injected
contralateral tumors in mice [199]. In another approach, AAV8 expressing the humanized
single-chain variable fragment (scFV)-Fc fusion minibody of the anti-CCR4 monoclonal
antibody h1567 showed strong antitumor activity and prolonged survival in mice after a
single intravenous infusion [200]. The oncolytic SIN vector combined with the agonistic
monoclonal antibody to the T-cell stimulatory receptor 4-1BB (α4-1BB Ab) showed complete
eradication of a non-Hodgkin B cell lymphoma in an A20 mouse tumor model, and long-
lasting antitumor immunity was established in surviving mice [201].

In the context of lymphomas, infectious oncolytic CVA21 RNA was intratumorally
injected into KAS6/1 myeloma-bearing mice leading to rapid tumor regression, which was
comparable to injection of fully infectious CVA21 particles [202]. Moreover, intravenous
administration of the oncolytic VSV vector expressing interferon-β (IFN-β) eradicated
myeloma cells and prolonged survival in immune-competent myeloma mice [203]. In addi-
tion, the oncolytic reovirus (Reolysin) showed selective replication and induced apoptosis
in multiple myeloma cell lines and reduced the tumor burden in xenograft and syngeneic
multiple myeloma mouse models [204].

3.5. Neurological Disorders

Several approaches have been explored for gene therapy of neurological disorders
(Table 4). For instance, AAV-based expression of the glutamic acid decarboxylase 65
(GAD65) gene improved symptoms related to Parkinson’s disease in a rat model, and
relieved pain in a rat pain model [215]. In a comparative study, the glial cell-derived
neurotrophic factor (GDNF) was expressed from Ad, AAV, and LV vectors resulting in
regionally restricted GDNF expression in the striatum and substantia nigra, inhibition of
toxin-induced degeneration of nigral dopamine neurons, and functional striatal dopamine
innervation in a rat Parkinson’s disease model [215]. Moreover, administration of AAV-
GDNF or LV-GDNF to 6-hydroxydopamine (6-OHDA)-lesioned rats and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MTTP)-lesioned primates generated sustained GDNF delivery
for 3–6 months, which contributed to regeneration and functional recovery [216]. In another
study, it was demonstrated that LV-GDNF administration to the striatum and substantia
nigra reversed functional and motor deficits and completely prevented nigrostriatal degra-
dation in MPTP-lesioned rhesus macaques [217]. In clinical settings, in a phase I clinical
trial, the human aromatic-l-amino acid decarboxylase (hAAD) expressed from an AAV
vector showed good tolerance, only minor adverse events, and a significant improvement
in the Parkinson’s Disease Rating Scale (UPDRS), which was sustained for at least 2 years
in patients with moderate to advanced Parkinson’s disease [218]. In a phase I/II clinical
trial, tyrosine hydroxylase (TH), aromatic amino acid dopa decarboxylase (AADC), and
GTP-cyclohydroxylase-1 (GCH-1) expressed from LV vectors (ProSavin) were subjected to
intrastriatal administration in Parkinson’s disease patients, which was safe, well tolerated,
and provided significant improvement of motor function [219]. Moreover, a long-term
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phase I/II follow-up study with ProSavin showed a significant improvement in the UPDRS
score 4 years after the treatment [220].

Table 4. Preclinical and clinical examples of viral vectors applied for neurological disorders, muscular
diseases, and immunodeficiency.

Viral Vector Phase Findings

Neurological
AAV-GAD65 Pre Improved symptoms of Parkinson’s disease in rats [215]
AAV-GAD65 Pre Pain relief in rat pain model [215]

Ad-GDNF Pre Inhibition of toxin-induced degeneration of neurons in rat model [216]
AAV-GDNF Pre Inhibition of toxin-induced degeneration of neurons in rat model [216]
LV-GDNF Pre Inhibition of toxin-induced degeneration of neurons in rat model [216]

AAV-GDNF Pre GDNF for 3–6 months, regeneration, functional recovery in rats, primates [216]
LV-GDNF Pre GDNF for 3–6 months, regeneration, functional recovery in rats, primates [216]
LV-GDNF Pre Reversed functional and motor deficits, prevented degradation in primates [217]

AAV-hAAD Phase I Significant improvement in UPRDS in Parkinson’s disease patients [218]
LV-ProSavin Phase I/II Safe, well tolerated, improved motor function in Parkinson’s disease patients [219]
LV-ProSavin Phase I/II Significantly improved 4-year UPRDS score in Parkinson’s disease patients [220]

AAV2/5-NGF Pre Long-term neuroprotection in rat Alzheimer’s disease model [221]
AAV2/5-NGF Phase I Inconclusive results in Alzheimer’s disease patients [222]
AAV-APPsα Pre Functional special memory, mitigated synaptic and cognitive deficits in mice [223]

LV-GDNF Pre Preserved learning and memory in mouse Alzheimer’s disease model [224]
LV-Klotho Pre Less cognitive deficits and Alzheimer’s disease-like pathologies in mice [225]

AAV5-miHTT Pre Prevention of ATT aggregate formation, neuronal dysfunction in HD rat model [226]
AAV-miHTT Pre Reduced mutant HTT mRNA and protein in transgenic HD minipig brain [227]
AAV-miHTT Phase I/II Study in progress on disease progression in Huntington’s disease patients [228]

AAV9-MeCP2 Pre Prolonged survival in a mouse Rett syndrome model [229]
AAV9-SMN Phase I Improved motor function, prolonged survival in SMA patients [230]
AAV9-SMN Phase I Improved motor function, prolonged survival in SMA patients [231]
AAV9-SMN Approval Approved for treatment of SMA patients in the US, the EU, and Canada [232]

Muscular
Ad-ΔDys Pre Restored dystrophin protein levels in mice [233]

AAV-μDys Pre Amelioration of dystrophin phenotype in transgenic mtx mice [234]
AAV6-μDys Pre Reduced skeletal muscle pathology, prolonged lifespan in dystrophic mice [235]
AAV6-μDys Pre Efficient delivery of dystrophin in canine dystrophin model for 2 years [236]
AAV6-μDys Phase I/II Therapeutic levels of μDys, improved NSAA score in all DMD patients [237]
AAV9-μDys Phase I Study in progress in 4–12-year-old DMD patients [238]

AAV-PABPN1 Pre Decreased muscle fibrosis, normal muscle strength in OPMD mouse model [239]
LV-PABPN1 Pre Efficient ex vivo transduction and rescue of myoblasts from OPMD patients [240]

Immunodeficiency
γRV-IL2RG CR Long-lasting clinical benefits in 8 out of 10 SCID-X1 patients [241]
γRV-IL2RG CR Normal growth, protection against infections in SCID-X1 patients after 18 years [242]
γRV-IL2RG CR Sustained clinical benefits in 10 SCID-X1 patients [243]
γRV-IL2RG CR T-ALL in SCID-X1 patients after unfavorable integration of the γRV vector [8,244]

SIN-γRV CR Successful treatment of 9 SCID-X1 patients without leukemia development [245]
SIN-LV CR Successful treatment of 44 SCID-X1 patients without leukemia development [245]

SIN-LV-ABCD1 CR Prevention of progressive demyelination, clinical benefits in ALD patients [40]
SIN-γRV/LV-ADA CR Sustained ADA expression, metabolic correction in >100 SCID-ADA patients [246]

AAV, adeno-associated virus; ABCD1, adenosine triphosphate.binding cassette transporter; Ad, adenovirus; ADA,
adenosine deaminase; ALD, adrenoleukodystrophy; ΔDys, truncated dystrophin; DMD, Duchenne muscular
dystrophy; GAD65; glutamic acid decarboxylase; GDNF, glial-derived neurotrophic factor; hAAD, human
aromatic-l-amino decarboxylase; HD, Huntington’s disease; IL2RG, interleukin-2 receptor gamma subunit; HTT,
huntingtin; LV, lentivirus; MeCP2, methyl CpG binding protein 2; μDys, mircro-dystrophin; miHTT, micro-
RNA targeting HTT; NSAA, North Star Ambulatory Assessment; OPMD, oculopharyngeal muscular dystrophy;
PABPN1, poly A-binding protein nuclear 1; Pre, preclinical studies; ProSavin, LV vector expressing tyrosine
hydroxylase, aromatic amino acid dopa decarboxylase, and GTP-cyclohydroxylase-1; γRV, gamma retrovirus;
SCID-X1, X-linked severe combined immunodeficiency; SIN-LV, self-inactivating LV; SMA, spinal muscular
atrophy; SMN, survival motor neuron; T-ALL, T-cell acute lymphoblastic leukemia; UPDRS, United Parkinson’s
Disease Rating Scale.
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In the case of Alzheimer’s disease, a chimeric AAV2/5 vector with the AAV2 genome
and the AAV5 capsid structure has been applied for the expression of the nerve growth
factor (NGF) [221]. In comparison to AAV2-NGF, the AAV2/5-NGF showed superior trans-
duction of septal cholinergic neurons in rats, which provided long-term neuroprotection.
Although preclinical studies have shown promising results regarding neuroprotection,
the results from a phase I trial with AAV2/5-NGF were inconclusive [222]. In another ap-
proach, the secreted amyloid precursor protein (AAPsα) was expressed from AAV vectors,
which resulted in functional rescue of spatial memory and mitigated synaptic and cognitive
deficits in mice [223]. Moreover, LV-GDNF administration preserved learning and memory
in mice; although, the amyloid and tau pathologies were not reduced [224]. However,
the upregulation of the brain-derived neurotrophic factor (BDNF) was induced, which
can contribute to neuronal protection against atrophy and degeneration. In another study,
LV-based expression of the anti-aging gene Klotho efficiently ameliorated cognitive deficits
and Alzheimer’s disease-like pathologies in the brains of APP/presenilin-1 transgenic
mice [225].

Huntington’s disease, caused by a mutation in the huntingtin (HTT) gene, has been
explored for AAV-based gene silencing with miRNAs targeting HTT [226]. Administration
of AAV5-miHTT suppressed mutant HTT mRNA, resulting in almost complete prevention
of mutant HTT aggregate formation and suppression of DARPP-32-associated neuronal
dysfunction in a rat model for Huntington’s disease [226]. Moreover, AAV5-miHTT sig-
nificantly decreased mutant HTT mRNA and protein levels in the brain of transgenic HD
minipigs [227]. A phase I/II clinical trial is in progress for the evaluation of safety, tolerabil-
ity, and proof-of-concept of a single-time bilateral injection of AAV-miHTT (AMT-1309) in
adults with early-stage Huntington’s disease compared with control individuals for disease
progression [228]. In the context of the X-linked Rett syndrome (RTT), the transcription
regulator methyl CpG-binding protein 2 (MeCP2) was expressed from an AAV9 vector
showing prolonged survival in an RTT mouse model [229]. In attempts to treat spinal
muscular atrophy (SMA), which is associated with muscle weakness and atrophy, but
caused by deterioration of motor neurons in the brainstem and spinal cord, an AAV9 vector
has been employed for the expression of the survival motor neuron (SMN) gene [230]. In a
phase I trial, AAV9-SMN delivery generated remarkable improvements in motor function
and survival rates [230]. In another phase I study, a single intravenous AAV9-SMN injection
improved motor function and extended survival in SMA patients [231]. AAV9-SMN1 has
been approved in the US for treatment of children with SMA up to the age of two years,
and in the EU and Canada in SMA patients under the brand name Zolgensma [232].

3.6. Muscular Diseases

Several gene therapy applications targeting muscular diseases, particularly various
muscular dystrophies, have been successful [233]. For example, related to Duchenne mus-
cular dystrophy (DMD), Ad-based expression of a truncated form of dystrophin restored
dystrophin-related protein levels in mouse skeletal muscle [234]. The large size of dys-
trophin has been a major issue for AAV-based expression due to its limited packaging
capacity, which has led to the engineering of ”micro-dystrophin” cassettes (μDys) [235].
AAV-μDys were used for the production of transgenic mtx mice, which ameliorated the
dystrophin phenotype with restored levels of normal C57BL/10 mice [235]. Moreover,
AAV6-μDys restored dystrophin levels in respiratory, cardiac, and limb musculature, re-
ducing the skeletal muscle pathology, and substantially prolonging the lifespan of severely
dystrophic mice [236]. Additionally, the AAV6-μDys resulted in efficient delivery of dys-
trophin throughout different skeletal muscles in a canine dystrophin model, which lasted
for at least two years [237]. In the context of clinical trials, AAV6-μDys has been subjected
to a phase I/II trial in DMD patients, in which, according to interim results, therapeutic
levels of μDys, 81% dystrophin-positive fibers, and improvement in the North Star Ambu-
latory Assessment (NSAA) score were seen in all patients [238]. Moreover, a phase I trial
with the AAV9-mini-dystrophin vector is in progress in 4-12-year-old DMD patients for
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the verification of safety, tolerability, dystrophin expression and distribution, and muscle
strength [247]. Several other AAV-based phase I/II and phase III are in progress in DMD
patients (NCT03368742, NCT03375164, and NCT04281485), showing minimal adverse
events, good safety in four patients, robust expression of μDys, and functional muscle
improvement based on interim results [238].

In the case of oculopharyngeal muscular dystrophy (OPMD), which is caused by
trinucleotide repeat expansion in the poly A-binding protein nuclear 1 (PABPN1) gene,
patients suffer from late onset of ptosis, swallowing difficulties, and formation of nuclear
aggregates in skeletal muscles [239]. Significant reduction in insoluble aggregates, decrease
in muscle fibrosis, and normalization of muscle strength was seen in an OPMD mouse
model after AAV-PABPN1 administration [240]. For ex vivo studies in myoblasts from
OPMD patients, LV-based delivery was utilized due to the low transduction efficacy of
AAV in primary myoblasts [241]. In contrast, the LV-PABPN1 transduction was efficient
and provided myoblast cell rescue.

3.7. Immunodeficiency

The area where gene therapy has seen the greatest progress is undoubtedly in im-
munodeficiency, and the treatment of SCID and other immunodeficiencies. Despite the
great excitement due to successful defective Moloney γRV-based correction of SCID-X1
in children, a major setback was encountered as the therapeutic gene was inserted into
the LMO2 proto-oncogene region of the genome leading to leukemia development in a
few patients [8,228]. In this first clinical trial, CD34+ cells were transduced with the RV
vector expressing the interleukin-2 receptor gamma subunit (IL2RG) in 10 SCID patients,
which established normal T-cell counts within 3–6 months and demonstrated long-lasting
clinical benefits in 8 out of 10 patients [242]. Remarkably, in a follow-up study of 18 years,
all but one patient presented normal growth and protection against infections associated
with SCID-X1 disease [243]. In another study, sustained clinical benefits were obtained in
10 SCID-X1 patients [244], although 2-14 years after the therapeutic intervention, T-cell
acute lymphoblastic leukemia (T-ALL) was discovered in patients where the γRV vec-
tor was integrated either into the LMO2 [8] or the CCDN2 locus [245]. For this reason,
SIN-γRV vectors have been engineered, which has confirmed that no cases of leukemia
developed in nine newly treated SCID-X1 patients [40]. Similarly, engineering of SIN-LV
vectors allowed successful treatment of another 44 SCID-X1 patients without any leukemia
development [40].

In the context of X-linked adrenoleukodystrophy (ALD), SIN-LV vector expressing the
adenosine triphosphate-binding cassette transporter (ABCD1) were ex vivo transduced into
patient-derived autologous CD34+ cells [248]. When SIN-LV-ABCD1 transduced cells were
reinfused in two ALD patients, progressive cerebral demyelination was prevented provid-
ing clear clinical benefits [248]. Related to adenosine deaminase-severe combined immun-
odeficiency (ADA-SCID), the defected adenosine deaminase (ADA) gene [246] has been re-
placed by delivery with SIN-γRV or SIN-LV vectors [246]. Today, more than 100 ADA-SCID
patients have been treated, resulting in sustained ADA expression, metabolic correction,
and high overall survival [249].

3.8. Other Diseases

In addition to the disease indications described above, other disease areas such as oph-
thalmologic and lung diseases have been subjected to gene therapy. Moreover, infectious
diseases have been mainly subjected to vaccine development, which in a broad sense can
be considered as gene therapy. As these areas have previously been described in detail
elsewhere [250], only a short summary is included here (Table 5).

Ophthalmology has been considered as a favorable area for gene therapy due to the
relatively easy access to treatable space, allowing topical administration of gene therapy
vectors. For example, intravitreal administration AAV vectors expressing the brain-derived
neurotrophic factor (BDNF) showed protection of retinal ganglion cells, and reduced the
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intraocular pressure in a rat glaucoma model [251]. The intraocular pressure could also
be reduced in mice by overexpression of matrix metalloproteinase 3 (MMP-3) from an
AAV vector [252]. Regarding macular dystrophy X-linked retinoschisis (XLRS), the loss
of the extracellular matrix protein retinoschisis 1 (RS1) was compensated by AAV-based
delivery of RS1 to the eye of RS1 knockout mice, which generated significant improvement
in retinal structure and function [253]. AAV vectors have been utilized for gene therapy of
color blindness, achromatopsia [254]. As mutations in the cyclic nucleotide gated channel
(CNGC) and the guanine nucleotide α-transducin (GNAT) genes cause achromatopsia,
AAV-GNAT2 expression under the control of a human red cone opsin promoter was used
to restore color vision in mice [255]. Improved photopic electrophysiological responses
and functional vision were obtained in dogs subjected to subretinal injection of AAV5-
CNGB3 [256].

Table 5. Preclinical and clinical examples of viral vectors applied for ophthalmologic and lung
diseases, and vaccine development against infectious diseases.

Viral Vector Phase Findings

Ophthalmologic
AAV-BDNF Pre Retinal ganglion cell protection, reduced intraocular pressure in rat glaucoma [251]

AAV-MMP-3 Pre Reduced intraocular pressure in mice [252]
AAV-RS1 Pre Significant improvement in retinal structure, function in RS1 knockout mice [253]

AAV-GNAT Pre Restoration of color vision in mice [255]
AAV5-CNGB3 Pre Improved photopic electrophysiological responses, functional vision in dogs [256]
AAV-sFLT01 Phase I Good safety and tolerability in AMD patients [257]
AAV-sFLT01 Phase IIa No serious adverse events, improved vision in AMD patients [258]
AAV2-ND4 Phase I Significant improvement of visual acuity in LHON patients [259]
AAV2-ND4 Phase I Enhanced visual acuity in LHON patients [260]

AAV2-RPE65 Phase III Maximum vision improvement in patients with inherited retinal dystrophy [261]
AAV2-RPE65 Approval Approved for treatment of visual loss in the US, Australia, and Canada [262]

Lung
AAV-CFTR Pre Long-term (6 months) CFTR expression in rabbit airway epithelium [263]
AAV-CFTR Pre Safe delivery of CFTR DNA to rhesus macaque lung [264]

HD-Ad-CFTR Pre Transduction of airway basal cells from CF patients, restored CFTR activity [265]
HIV-CFTR Pre Partial recovery of CFTR function in CF knockout mice for 110 days [266]
FIV-CFTR Pre Restored CFTR activity in CF pigs [267]
SIV-CFTR Pre Functional CFTR in mouse lung, human air–liquid interface cultures [268]

Infectious
ChAdOx1 nCoV-19 Phase III Good safety and 62–90% vaccine efficacy [269]
ChAdOx1 nCoV-19 Approval Granted EUA in the UK [270]

Ad5.S-nb2 Phase II Strong immunogenicity, good safety in adults [271]
Ad5.S-nb2 Approval Granted EUA in China [270]

rAd26-S/rAd5-S Phase III 91.6% vaccine efficacy from interim results [272]
rAd26-S/rAd5-S Approval Granted EUA in Russia [273]

Ad26.COV2.S Phase III Vaccine efficacy after single dose [274]
Ad26.COV2.S Approval Granted EUA in the US [270]
VSV-ZEBOV Phase III Good vaccine efficacy in Guinea and Sierra Leone [275,276]
VSV-ZEBOV Approval Approval as Ervebo for vaccination against EVD [277]

AAV, adeno-associated virus; Ad, adenovirus; AMD, age-related macular degeneration; BDNF, brain-derived
neurotrophic factor; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; CNGB3, cyclic
nucleotide gated channel B3; EUA, emergency use authorization; FIV, feline immunodeficiency virus; GNAT,
guanine nucleotide transducing; HD-Ad, helper-dependent adenovirus; HIV, human immunodeficiency virus;
LHON, Leber’s hereditary optic neuropathy; MMP-3, matrix metalloproteinase 3; ND4, NADH dehydrogenase
protein subunit 4; Pre, preclinical studies; RS1, retinoschisis 1; sFLOT01, fusion protein of VEGF and the Fc portion
of the human IgG1; SIV, simian immunodeficiency virus.

Regarding clinical applications, AAV vectors expressing the sFLT01 fusion protein com-
prising the VEGF and the Fc portion of the human IgG1 showed good safety and tolerability
in a phase I trial in 19 age-related macular degeneration (AMD) patients [257]. Furthermore,
no treatment-related serious adverse events were recorded, but improved vision was regis-
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tered in 11 AMD patients treated with AAV-sFLT01 in a phase IIa study [243,258]. Leber’s
hereditary optic neuropathy (LHON), characterized by rapid loss of vision, is caused
by a mutation in the NADH dehydrogenase protein subunit 4 (ND4) [278]. AAV2-ND4
treatment resulted in significant improvement in visual acuity in six out of nine LHON
patients [259]. In another phase I trial, modest but statistically significant improved visual
acuity was seen for 14 LHON patients [260]. Moreover, patients with RPE65-mediated
inherited retinal dystrophy were subjected to AAV2-based RPE65 gene replacement ther-
apy in a phase III study, which provided maximum possible vision improvement [261].
AAV2-RPE65, Voretigene neparvovec, has been approved for treatment of visual loss due
to inherited retinal dystrophy in patients in the US, Australia, and Canada under the brand
name Luxturna [262].

Gene therapy for lung diseases has mainly focused on the potential of developing
some breakthrough treatment for cystic fibrosis. As cystic fibrosis is caused by mutations
in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [263], viral vector
based CFTR expression represents an attractive approach. For example, AAV2-CFTR
administered via fiberoptic bronchoscopy to the rabbit lung provided CFTR expression
for at least 6 months in the airway epithelium [279]. In another approach, AAV2-CFTR
was administered to the right lower lung lobe of rhesus macaques resulting in safe long-
term delivery of CFTR DNA [264]. A helper-dependent Ad (HD-Ad) vector has also been
engineered for intranasal delivery in mice and bronchoscopic instillation in pigs [265].
The HD-Ad-CFTR also demonstrated transduction of human airway basal cells from
cystic fibrosis patients and restoration of CFTR channel activity [265]. Among LV vectors,
HIV-based expression of CFTR in the mouse epithelium resulted in a partial recovery of
electrophysiological functions in cystic fibrosis knockout mice for at least 110 days [266].
Moreover, a FIV-CFTR based vector pseudotyped with the GP64 protein restored CFTR
activity in pigs with cystic fibrosis [267]. SIV-based functional expression of CFTR was also
established in mouse lung and in human air–liquid interface cultures as a preparation for
the first in-human trial [268].

Finally, vaccine development against infectious diseases using viral vectors has been
very successful, recently. Needless to say, the unprecedented rapid development of different
Ad-based COVID-19 vaccines has strongly contributed to the downgrading of the COVID-
19 pandemic to an endemic status. The ChAdOx1 nCoV-19 vaccine [269], based on the
ChAdOx1 chimpanzee Ad, and the Ad5-S-nb2 vaccine [271], based on the human Ad5
serotype, carry the SARS-CoV-2 spike (S) protein as an antigen and have demonstrated
high vaccine efficacy in phase III clinical trials after two immunization doses. In contrast,
the rAd26-S/dAd5-S (Sputnik) vaccine [272] is based on a prime vaccination with the
Ad26 serotype expressing the S protein, followed by a booster vaccination with the Ad5
serotype also expressing the S protein, showing good efficacy in phase II and III studies.
The strategy of this vaccination regimen is to limit immune reactions against Ad and
reduction in vaccine efficacy by using another Ad serotype for the booster vaccination.
The Ad26 serotype-based Ad26.COV2.S vaccine [274] also expresses the S protein, but
in contrast to the other Ad-based vaccines, a single immunization has shown efficacy in
clinical trials. The positive results from clinical trials supported the granting of Emergency
Use Authorization (EUA) for the ChAdOx1 nCoV-19 vaccine in the UK in December 2020,
the Ad26.COV2.S vaccine in the US in February 2021, and the Ad5-S-nb2 vaccine in China
in February 2021 [270]. Controversially, the rAd26-S/rAd5-S vaccine received approval
in Russia already in August 2020, after only being preliminary evaluated in 76 Russian
volunteers [273]. Although good safety and vaccine efficacy have been achieved, emerging
SARS-CoV-2 variants and detection of rare serious adverse events due to mass vaccinations
will require intelligent re-engineering of existing vaccines to meet the new demands.

In the context of other vaccines, the VSV-based Ebola virus vaccine (VSV-ZEBOV) has
demonstrated good safety profiles and excellent efficacy in two phase III studies conducted
in Guinea [275], and in Guinea and Sierra Leone [276]. In 2020, the VSV-ZEBOV vaccine was
approved under the name Ervebo for vaccinations against Ebola virus disease (EVD) [277].
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4. Conclusions

In summary, viral vectors have been successfully applied for a broad spectrum of
disease indications. Encouraging results have been obtained in preclinical studies in animal
models, and also in clinical trials in patient groups with long-lasting cure, confirmed espe-
cially in SCID-X1 patients [243]. GendicineTM, a replication-deficient Ad vector expressing
the p53 gene, was approved in China [280], and more than 30,000 patients with head and
neck cancer have been treated with it. GendicineTM has demonstrated good safety and
efficacy, especially in combination with chemo- and radiotherapy [281]. In the US and
Europe, a second-generation oncolytic HSV vector expressing GM-CSF has been approved
for melanoma therapy [124]. The AAV-based Onasemnogene aboparvovec (Zolgensma)
has been approved for the treatment of SMA [232]. Furthermore, approval for the AAV-
based Voretigene neparvovec (Luxturna) was received for the treatment of inherited retinal
dystrophy [262]. As mentioned above, several Ad-based COVID-19 vaccines have been
granted EUA [272], and the Ebola vaccine Ervebo has been approved [277]. However, it is
important to keep in mind the case of GlyberaTM, the AAV-based treatment of lipoprotein
lipase deficiency [282]. Despite its approval in Europe, the clinical use of GlyberaTM was
discontinued due to lack of demand for this rare monogenic inherited disease.

Moreover, several issues need still to be addressed to make viral vector-based gene
therapy highly attractive. Despite the advantage of viral vector-based gene delivery com-
pared to non-viral vector systems, the safety of using particularly oncolytic and replication-
proficient vectors is of utmost importance. Safety issues have also surfaced related chromo-
somal integration, where random integration has caused severe adverse events. Another
issue of concern has been the difficulties in transferring successful proof-of-concept findings
from rodents to larger animals and especially to humans. A potential “bridge” to success,
particularly in the field of cancer therapy, has been to target domestic animals. For example,
canines develop natural tumors and in addition to developing veterinary drugs, they serve
as a potential model for pre-evaluation of efficacy before conducting human trials, partly
because they represent good models for delivery to a larger organism, and partly because
the natural tumors in canines closely resemble human cancers in contrast to induced and
implanted tumors in rodent models.

Furthermore, an often-asked question is which viral vector system, and which ther-
apeutic target should be chosen. Based on all gene therapy examples described in this
review, it is obvious that there is not a single vector suitable for all applications. For this
reason, viral vector diversity is important in research and development of promoting gene
therapy. Due to the extensive number of preclinical and clinical trials conducted with viral
vectors, the goal has been to give an overview of which viral vectors are suitable for which
indication. For example, self-replicating RNA viruses have proven excellent for high-level
short-term transgene expression required for cancer therapy, and development of vaccines
against infectious diseases and cancers. In contrast, inherited diseases and chronic diseases,
such as immunodeficiency, hematological diseases, and muscular dystrophy, which require
long-term expression of therapeutic genes albeit not necessarily at high levels, have favored
the application of Ad, AAV, HSV, RV, and LV vectors. Both vectors providing extrachro-
mosomal expression and chromosomal integration have proven useful for therapeutic
efficacy, lasting for several years. As with any other method of drug development, the
management of serious adverse events is important. Not unexpectedly, the delivery of
viral vectors causes adverse events, as does generally any drug. For this reason, efforts
have been made to reduce the risk of using viral vectors and to decrease the severity of
adverse events by the deletion of non-essential genetic material from viral vectors, the use
of attenuated or less cytopathogenic viral vectors, and monitoring the spread of viruses and
establishing a control of their replication and expression capacity. As seen for long-term
follow-up studies, treatments for several years have not revealed adverse events, including
the extreme example of 18 years of therapeutic efficacy without any side effects in SCID-X1
patients treated with RV vectors. These positive findings have encouraged the transition to
clinical applications. However, in the light of the ever-tightening requirements associated
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with clinical evaluation, it is important to, already at an early stage of vector development,
include appropriate design and engineering steps to fully comply with the requirements
for clinical studies, and to facilitate regulatory implementations.
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