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For adenoviruses (Ads) to be optimally effective in cancer theranostics, they
need to be retargeted toward target cells and lose their natural tropism.
Typically, this is accomplished by either engineering fiber proteins and/or
employing bispecific adapters, capable of bonding Ad fibers and tumor
antigen receptors. This study aimed to present a simple and versatile
method for generating Ad-based bionanoparticles specific to target cells,
using the SpyTag-SpyCatcher system. The SpyTag peptide was inserted into
the HI loop of fiber-knob protein, which could act as a covalent anchoring site
for a targeting moiety fused to a truncated SpyCatcher (SpyCatcherA) pair. After
confirming the presence and functionality of SpyTag on the Ad type-5 (Ad5)
fiber knob, an adapter molecule, comprising of SpyCatcherA fused to an anti-
vascular endothelial growth factor receptor 2 (VEGFR2) nanobody, was
recombinantly expressed in Escherichia coli and purified before conjugation
to fiber-modified Ad5 (fmAd5). After evaluating fmAd5 detargeting from its
primary coxsackie and adenovirus receptor (CAR), the nanobody-decorated
fmAd5 could be efficiently retargeted to VEGFR2-expressing 293/KDR and
human umbilical vein endothelial (HUVEC) cell lines. In conclusion, a plug-
and-play platform was described in this study for detargeting and retargeting
Ad5 through the SpyTag-SpyCatcher system, which could be potentially
applied to generate tailored bionanoparticles for a broad range of specific
targets; therefore, it can be introduced as a promising approach in cancer
nanotheranostics.
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Introduction

Recently, various nano-sized viral and non-viral vectors
(nanovectors) have been employed in cancer theranostics to
maximize efficacy, while minimizing the side effects.
Considering numerous advantages and disadvantages of the
nanovectors (Supplementary Table S1), bionanoparticles can
be excellent alternatives to inorganic nanoparticles owing to
their higher biocompatibility and biodegradability (Chung
et al, 2020). The optimal bionanoparticles for cancer
theranostics should be capable of self-assembly, targeting, cell
entry, and endosomal escape. Accordingly, viruses have been
applied as great naturally occurring nanocarriers for theranostic
applications (Somiya et al,, 2017).

Among various viral vectors, adenoviruses (Ads) have been
extensively used in clinical trials for gene therapy and vaccination
due to their high in vivo stability and gene transfer efficiency
(Ginn et al,, 2018; Singh et al., 2019). More importantly, the
safety of Ad-based vectors has been advocated in preclinical and
clinical trials (Hajeri et al., 2020). Despite the strong safety profile
of these vectors, besides remarkable advances in Ad vector-
mediated gene therapy, their clinical application remains
challenging. The challenges are mainly attributed to the broad
tropism of Ad vectors due to the high affinity of Ad fiber-knob
domains for cellular receptors, including the widely expressed
coxsackie and adenovirus receptors (CARs) (Zhang and
Bergelson, 2005). In contrast, cancer cells mainly have low/no
expression of native Ad receptors (Okegawa et al., 2001). Tt is
known that the CAR distribution influences the Ad
biodistribution in vivo; therefore, intravenous administration
of Ads may result in liver toxicity owing to the higher rate of
liver transduction (Tao et al, 2001). Accordingly, Ad vectors
modified with active targeting modalities have been developed to
deal with the resistance of tumor cells and non-specific uptake
toxicity and to facilitate efficient gene delivery with fewer side
effects.

So far, various detargeting and retargeting methods have
been proposed and investigated in the literature, including the
modification of capsid proteins (e.g., hexon, fiber, and penton)
and implementation of bispecific adapter molecules. The
majority of previous studies have focused on alterations in the
fiber protein, which is a crucial component of capsid, with a
significant contribution to Ad tropism. Generally, the fiber
protein is a homotrimeric, antenna-shaped protein, which
connects with the penton base to generate penton capsomers
found at the icosahedral Ad virion vertices (Krasnykh et al,
2000). Ad5 uses a two-step process to penetrate into cells. First,
the knob domain of the fiber must connect with the primary CAR
on target cells. Second, the penton base makes contact with
integrin receptors on the cell surface, triggering viral uptake via
receptor-mediated endocytosis (Wickham et al., 1993; Tomko
et al., 1997).
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While genetic modification has been a prosperous approach
for virus targeting, successful incorporation of extraneous
moieties into capsid proteins requires extensive protein
engineering, which is both challenging and time-consuming.
Besides, replacement of the capsid fiber protein mainly results
in the production of structurally unstable vectors (Noureddini
and Curiel, 2005; Waehler et al, 2007). Also, some targeting
ligands require post-translational modifications, such as disulfide
bonds that are not present in the cytoplasm or nucleoplasm of
cells, where the fiber and Ad particle production occurs
(Magnusson et al., 2002).

Comparatively, adapter-based systems that can couple
various adapters into the same vector are flexible platforms
with no impact on the vector structure. They concurrently
eliminate native viral tropisms and facilitate a novel tropism
toward the desired target (Dmitriev et al., 2000; Pereboev et al,
2004). However, the majority of adapter systems have drawbacks
that limit their potential use in theranostics. The most significant
disadvantage of adapter systems is the suboptimal stability of the
vector-adapter complex because of unanticipated interactions
with other elements that interrupt non-covalent binding
(Waehler et al.,, 2007). To address this challenge, methods that
can produce Ad vectors capable of binding to other molecules
through covalent interactions, without any need for virus
engineering, can be effective.

The SpyCatcher/SpyTag system, a protein-peptide pair
forming an isopeptide bond when exposed to each other, has
been introduced to create universal vectors (Zakeri et al., 2012).
This system is based on the immunoglobulin-like collagen
(CnaB2)
containing an internal isopeptide bond between Lys31 and
Aspl17 (Oke et al,, 2010; Li and Fierer, 2014). This isopeptide
bond is stable over a wide range of pH, temperatures, redox

adhesion domain of  Streptococcus  pyogenes,

environments, and detergents (Dovala et al., 2016). Since its
introduction in 2012, the SpyTag-SpyCatcher system has been
implemented in various studies, involving bioactive hydrogels
(Sun et al, 2014), thermostabilized proteins (Schoene et al,
2014), multivalent antigen-presenting vaccines derived from
virus-like particles (Brune et al, 2016), and lentivirus
retargeting (Kasaraneni et al., 2017).

The present study aimed to investigate whether Ad tropism
can be altered by the SpyTag-SpyCatcher system, resulting in
covalent binding between the virus and the targeted adapter
molecule. For this purpose, the feasibility of native Ad5 fiber
replacement with a recombinant fiber containing the SpyTag
peptide was assessed. Besides, the ability of the modified fiber to
bind to the SpyCatcher, as well as the ablation of CAR-mediated
internalization of virions following bioconjugation with the
SpyCatcher, was examined. Subsequently, a retargeted Ad
vector was generated as a model using an adapter molecule,
which was constructed through the genetic fusion of SpyCatcher
with a nanobody specific to vascular endothelial growth factor
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FIGURE 1

A schematic representation of the development process of pfmAd5-GFP. The pFiberShuttle and pAdeasy-1 constructs were first co-

transformed into E. coli BJ5183 for a homologous recombination (HR) to generate pAdeasy-1 containing SpyTag. This vector was then used in HR
with pAdTrack-CMV containing an EGFP gene to create pfmAd5-GFP. The pAd5-GFP, as the control virus, was developed using intact pAdeasy-1and
pAdTrack-CMV for HR.
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receptor-2 (VEGFR2), as one of the main targets for the
inhibition of tumor angiogenesis.

Based on the results, the recombinant Ad vector with a
SpyTag peptide in its HI loop could robustly engage the
adapter molecule to target VEGFR2-expressing cells through a
CAR-independent cell entry mechanism. According to the
findings, this functionalized Ad vector has great potential
applications in cancer theranostics. To the best of our
knowledge, this is the first study to evaluate Ad functionality
following fiber modification via insertion of SpyTag into the HI
loop and its bioconjugation with the targeting SpyCatcher-
containing adapter molecule.

Materials and methods
Construction of modified Ad vector

The protocol proposed by Wu and Curiel was used to
produce a pFiberShuttle vector, containing the SpyTag peptide
within the knob HI loop (Wu and Curiel, 2008). Accordingly, a
3.5-kb fragment from the plasmid pAdeasy-1 (Addgene, Uniteed
States), encompassing a fiber-coding gene and homologous
recombination (HR) arms, was subcloned in pUC-19 between
EcoRI-Kpnl restriction sites. Subsequently, a 670-bp fragment,
incorporating a 13-amino-acid SpyTag coding sequence
(AHIVMVDAYKPTK) following amino acid G543 in the HI
loop, was ordered to be synthesized by Biomatik (Ontario,
Canada). It was then subcloned between AfIII-BglII digestion
sites of the 3.5-kb, subcloned fragment to replace the homologous
segment of the intact fiber.

Additionally, to generate a fiber-modified Ad5, an E1 and E3-
deleted backbone vector, that is, pAdeasy-1, was used. To
facilitate recombination, the pFiberShuttle vector and the
backbone should be linearized near or in the position of the
fiber gene. Accordingly, a unique Swal cut site was introduced
into the fiber gene of pAdeasy-1 vector. For this purpose,
pAdeasy-1 was first digested with BamHI, and the produced
11,753-bp fragment, containing the fiber gene and a unique Ndel
restriction site, was subcloned into the pBluescript-SK vector
(Addgene, Uniteed States) (Wu and Curiel, 2008). Afterward, a
pair of oligonucleotides (Supplementary Table S1) containing the
Swal cut site, as well as sticky ends that ligate in the Ndel
restriction site, were synthesized and inserted into the
corresponding Ndel cut site of the subcloned, 11,753-bp,
the
pAdeasy-1 fragment was replaced with the modified fragment

fiber-coding fragment. Finally, intact homologous
containing the Swal cut site.

The fiber-modified Ad backbone vector (pfm-Ad5) was
constructed by homologous recombination (HR) between the
linearized pFiberShuttle vector and the modified pAdeasy-1 in
E. coli BJ5183 (Figure 1). Polymerase chain reaction (PCR) with

specific primers (Supplementary Table S1) was performed to
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verify the presence of SpyTag sequence in the Ad5 backbone
fiber. The pfm-Ad5 vector was then used to generate the
recombinant Ad, encompassing an enhanced green fluorescent
protein (EGFP) expression cassette (pfmAd5-GFP) through HR
with linearized pAdTrack-CMV vector (Addgene, Uniteed
States) (Figure 1).

Additionally, an unmodified Ad5-GFP virus was produced
following HR between unchanged pAdeasy-1 and linearized
pAdTrack-CMV. To confirm HR, the recombined vectors
and digested with Pacl, followed by

the AD-293 line,
Lipofectamine™ 2000 Transfection Reagent (Invitrogen,
Uniteed States) to fmAd5-GFP and Ad5-GFP.
Following the production of fmAd5-GFP, the presence of

were extracted

transfection  into cell using a

rescue

SpyTag in the fiber protein was confirmed via Ad genome
extraction with a QIAamp DSP Virus Kit (Qiagen, Germany),
followed by PCR and fiber sequencing. The fmAd5-GFP and
Ad5-GFP titers were determined by the Median Tissue Culture
Infectious Dose (TCIDs) assay (Herrmann and Bucksch, 2014).

Recombinant protein expression

The DNA fragment encoding SpyCatcherA, a protein with
21- and 14-amino-acid truncations at the N and C termini of the
original protein, respectively (Kasaraneni et al., 2017), was
synthesized by Biomatik (Ontario, Canada); it also harbored a
14-amino-acid hinge sequence at its C-terminus. Subsequently,
the fragment was subcloned in the pET-28a (+) bacterial
expression plasmid (Novagen, Uniteed States) to generate
pET28Catcher. Additionally, to generate a SpyTag-expressing
plasmid, a pair of oligonucleotides (Supplementary Table SI)
containing the SpyTag sequence and sticky ends for ligation into
the Kpnl and Sall cut sites was synthesized and subcloned into
the pET-32a (+) plasmid (Novagen, Uniteed States). The
plasmids were then transformed into E. coli Rosetta (DE3),
and protein expression was induced by the addition of 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 hours at
37°C in a Lysogeny broth (LB) culture medium. The expressed
SpyCatcherA and TrxA-SpyTag proteins were then purified
using Ni-NTA agarose columns (Qiagen, Germany), according
to the manufacturer’s protocols.

To evaluate the ability of SpyCatcherA to create an isopeptide
bond with SpyTag, the purified SpyCatcherA (15.8 kDa) was
incubated with TrxA-SpyTag (19.4 kDa) at a molar ratio of 1:
1 for 1 hour at room temperature. The protein bioconjugation
was tested by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Additionally, to assess the
ligation of fmAd5-GFP with the SpyCatcherA, 5x10° TCIDs5,
of the virus was incubated with 10puM of the purified
SpyCatcherA for 2hours at 37°C. Next, the mixture was
denatured by boiling in a sample buffer for 5 minutes at 95°C
and subsequently analyzed by SDS-PAGE. The protein was
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finally blotted onto a polyvinylidene difluoride (PVDF)
membrane and developed with ECL Plus Substrate for
Western blotting (Thermo Fisher Scientific, Uniteed States)
after sequential incubation with a locally-obtained anti-
SpyCatcherA serum and goat anti-mouse IgG-HRP (Abcam,
United Kingdom). The Ad5-GFP was used as the control virus.

To generate an adapter molecule, encompassing a VEGFR2-
specific nanobody fused to the SpyCatcherA, the nanobody-
coding gene was amplified from the p2.2-Nb plasmid (Ahani
2016)
SpyCatcherA-coding sequence in the pET28Catcher plasmid
through a flexible SGSGSSGAS linker. The construct was then
subcloned in the pHEN6C expression vector containing a

et al, and subcloned at the N-terminus of the

C-terminal His6 tag. Next, it was transformed into E. coli
WKG6 cells and induced for protein expression and purification
as previously described (Rouet et al., 2012). Finally, the ability of
the adapter molecule to covalently bind to the SpyTag was
examined by SDS-PAGE.

Moreover, for the Ad5 fiber knob expression, its coding
sequence was amplified from pAdEasy-1 (Yang et al, 2006)
and subcloned into pET-32a (+). The expression parameters
were similar to those of the abovementioned proteins.
Nonetheless, due to protein aggregation, phosphate-buffered
saline (PBS), containing 2% glycerol and 0.01% Tween 20,
was used as dialysis buffer and protein solvent for protein
purification.

Cell lines

In this study, the Chinese hamster ovary cell line (CHO-K1),
the human embryonic kidney cell line optimized for Ad
propagation (AD-293), the A549 human lung epithelial cell
line with a high expression of CARs, the 293/KDR cell line
stably overexpressing VEGFR2, and human umbilical vein
endothelial cells (HUVEC) as the primary VEGFR2-expressing
cell line were used. The cell lines present in this study were
obtained from the National Cell Bank of Pasteur Institute of Iran.
The AD-293, 293/KDR, and A549 cells were grown in Dulbecco’s
Modified Eagles Medium (DMEM, Biosera, Philippines),
containing 10% heat-inactivated fetal bovine serum (FBS;
Gibco, Uniteed States) and antibiotics (100 U/mL of penicillin
and 100 pg/ml of streptomycin) (Biosera, Philippines). The
CHO-K1 and HUVEC cells were cultured in DMEM-F12
(Biosera, Philippines), containing 10% FBS and antibiotics as
described above.

The CHO-K1 cell line, which stably expresses SpyCatcherA
on its surface (CHO-Spy), was developed through transfection
with a pDisplay plasmid (Thermo Fisher Scientific, Uniteed
States), encoding SpyCatcherA, according to a previously
described protocol (Mortensen et al, 1997). Briefly, before
transfection, the susceptibility of CHO-K1 to G418 (BioBasic,
Canada) was determined to be 0.4 mg/ml. Transfection was
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performed with a Lipofectamine 2000 Transfection Reagent.
The medium was replaced 48 h after transfection, and fresh
DMEM-F12, containing 0.5 mg/ml of G418, was added to the
medium. Next, the cells were serially diluted into a 96-well plate
and incubated for 14 days to isolate the monoclonal cell line.
Twelve monoclonal cells were selected and expanded to analyze
the SpyCatcherA expression by flow cytometry (CyFlow, Partec,
Germany), using the anti-SpyCatcherA serum and goat anti-
mouse IgG-PE antibody (Thermo Fisher Scientific, Uniteed
States).

Transduction of CHO-K1 and CHO-Spy by
Ad vectors

The CHO-K1 and CHO-Spy were cultured at 1.5-2x10°
cells/well in 24-well plates and infected with fmAd5-GFP and
Ad5-GFP vectors at multiplicity of infection (MOI) of 10, 50, 100,
200, 500, and 1000 TCIDsg/cell for 2 hours. Subsequently, the
medium was removed, and 0.5 ml of DMEM/Nutrient Mixture
F-12 (DMEM/F-12), containing 2% FBS, was added to each well.
The transduction efficiency was evaluated by measuring the
fluorescence of cells after 48 h of incubation at 37°C, using
fluorescent microscopy and flow cytometry.

CAR-binding inhibition assay

The A549 cells were first cultured in a 24-well tissue culture
plate at a density of 1x10° cells per well. On the following day,
fmAd5-GFP, at MOIs of 100 and 400, was combined with 0, 5, 10,
and 20 uM of purified SpyCatcherA and incubated at 37°C for
2 hours, followed by the addition of SpyCatcherA-conjugated
virus to each well and incubation for another 2 hours in a cell
culture incubator. After the medium removal, 0.5 ml of DMEM,
containing 2% FBS, was added to each well. The cells were
harvested after 48 h, and the percentage of transduction was
measured by flow cytometry.

Nanobody-conjugated virus transduction

The 293/KDR and HUVEC cells were grown at 1.5-2x10°
cells/well in 24-well plates, and their CARs were blocked by the
addition of a purified recombinant Ad5-knob protein to each
well at a final concentration of 100 ug/ml. Subsequently, the Ad
vectors were incubated with 10 uM of SpyCatcherA-nanobody
adapter molecule and different ratios of the adapter and fiber (1:
1, 1:100, and 1:1000) for 2 hours at 37°C. Afterward, fmAd5-GFP
and Ad5-GFP (as the control vector) were added at MOIs of 10,
20, and 50 and to the HUVEC cells at MOIs of 100, 200 and
500 TCIDsg/cell. Following 2 hours of incubation at 37°C, the
virus-containing medium was withdrawn and replaced with a
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fresh medium, containing 2% FBS. To prevent reinfection, the
293/KDR cells were cultured for 24 h at 37°C, while the HUVEC
cells were cultured for 48 h. Flow cytometry was finally carried
out to determine the transduction rate and fluorescence intensity.

Results
Generation of fiber-modified Ad vector

A SpyTag-decorated Ad vector, which could covalently bind
to the SpyCatcher-fused targeting moiety, was generated,
enabling the vector to be retargeted to various ligands,
without further genetic modifications of the vector. According
to previous studies, considering the crystallographic structure of
the Ad fiber, two regions of the knob, that is, the C-terminus and
the HI loop, were suitable for incorporating foreign motifs, as
they allowed exposure and facilitated viral interaction with the
target cell, with unlikely effects on key viral functions (e.g., capsid
packaging and viral infection) (Belousova et al., 2002).

For Ad5 retargeting, the SpyTag-coding sequence was
inserted into the HI loop of the fiber knob between G543 and
D544 residues through HR (Dmitriev et al., 1998). The fmAd5-
GFP and Ad5-GFP were rescued and upscaled in AD-293 cells
after verifying the presence of SpyTag in the Ad fiber genome by
PCR. After viral amplification, the Ad genome was extracted, and
the presence of SpyTag sequence was reconfirmed by fiber
sequencing (Supplementary Figure S1). To determine whether
the insertion of 13-amino-acid peptides affected viral replication
and titer, fmAd5-GFP and Ad5-GFP were amplified under
similar conditions and titrated using the TCIDs, assay. Their
titers were nearly the same, equivalent to 5x10' TCIDsy/mL.

Expression and purification of
recombinant proteins

The original SpyTag-SpyCatcher system consisted of a 13-
amino-acid SpyTag and a 138-amino-acid SpyCatcher (Li and
Fierer, 2014). In this study, a modified SpyCatcher was used with
21- and 14-residue truncations at the N and C termini,
respectively, as full-length SpyCatcher has been identified to
interact with an unknown cell surface receptor, leading to
significant background transduction (Kasaraneni et al.,, 2017).
However, before assessing the ability of SpyCatcherA to bind to
fiber-modified Ad containing SpyTag, its potential to bind to free
SpyTag was investigated. For this purpose, SpyCatcherA and
TrxA-SpyTag were recombinantly expressed in E. coli Rosetta
(DE3) and purified by exploiting their His-tag for Ni-NTA
chromatography.

The TrxA-SpyTag and SpyCatcherA were highly expressed in
E. coli Rosetta (DE3), yielding 20 mg/L of purified protein.
However, no indication of adapter molecule expression was
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found in E. coli Rosetta (DE3) cells using various pET vectors;
accordingly, the pHEN6C expression vector and E. coli
WKG6 cells, which were optimized for nanobody production,
were employed. The Ni-NTA chromatography was also used
to purify the recombinant adapter molecule. Next, the adapter
protein, comprising of the anti-VEGFR2 nanobody-
SpyCatcherA fusion, was combined with the TrxA-SpyTag
peptide to examine whether TrxA-SpyTag could bioconjugate
with the adapter molecule. The complex formation was assessed
using SDS-PAGE. As demonstrated in Figure 2A, the adapter
molecule could form a stable linkage with TrxA-SpyTag.

Subsequently, Western blotting was performed to determine the
presence of SpyTag in the fiber structure and its capability to bind to
its SpyCatcherA pair. As shown in Figure 2B, besides the
SpyCatcherA band (16 kDa), a band of approximately 77 kDa
was observed, suggesting the bonding of Ad-modified fiber
(61 kDa) with the SpyCatcherA. However, when the control
virus, Ad5-GFP, was mixed with the SpyCatcherA, this 77-kDa
band was absent. The Ad5 knob protein was also produced in E. coli
Rosetta (DE3), with TrxA and His tags at its N-terminus, allowing
for single-step isolation using Ni-NTA chromatography, which
indicated a single ~38kDa band on SDS-PAGE (Figure 2C).
Moreover, the functionality of recombinant knob protein was
assessed using 293/KDR and AD-293 cell lines. The ability of the
protein to block CAR and prevent the internalization of Ad5 is
presented in Supplementary Figure S2.

Establishment of the CHO-Spy cell line

The CHO-K1 cell line (CAR-negative cells) was transfected
with a pDisplay vector, encoding SpyCatcherA and neomycin
resistance genes to generate a cell line that allowed for the steady
expression of SpyCatcher on its surface. Therefore, it was possible
to investigate the fmAd5-GFP binding capacity to SpyCatcher on
the cell surface, as well as virus internalization via SpyCatcher/
SpyTag binding. Following G418 selection, the pool of cell clones
was expanded, and flow cytometry was performed to evaluate the
SpyCatcherA expression on the cell surface. Approximately 13%
of CHO-K1 cells expressed SpyCatcherA. Next, a clonal selection
was carried out, yielding 12 monoclonal cells. The SpyCatcherA
expression level and cell uniformity were also assessed using flow
cytometry. Three out of 12 monoclonal cells, which showed the
highest expression levels and homogeneity >96%, were finally
isolated. Data for one of the selected clones are depicted in

Figure 3.

SpyTag-SpyCatcher-mediated viral vector
transduction

The transduction efficiency of CHO-K1 and CHO-Spy cells
was examined with fmAd5-GFP and Ad5-GFP to primarily
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FIGURE 2
Western blotting analysis to identify Ad-modified fiber bound to the SpyCatcherA. The vector (5 x 10° TCIDsg) was incubated for 2 hours at 37°C with

10 pM of purified SpyCatcherA before boiling and application on 12% SDS-PAGE gel, followed by blotting to a PVDF membrane; it was finally

Characterization of protein expression and binding. (A) The SDS-PAGE analysis of SpyCatcher-TrxA-SpyTag bioconjugation. The purified TrxA-
probed with a polyclonal antibody against the SpyCatcherA and goat anti-mouse IgG (HRP). (C) The 12% SDS-PAGE analysis of the purification of

SpyTag was mixed with SpyCatcher and adapter (SpyCatcher-anti VEGFR-2 nanobody) at a molar ratio of 1:1 at room temperature for 1 hour. (B)

recombinant knob protein fused to TrxA and His tags.
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FIGURE 3
flow cytometry. Monoclonal cells expressing the SpyCatcherA, as well as CHO-KI cells as the negative controls, were treated with the anti-

SpyCatcher serum for 1 hour, followed by incubation with the goat anti-mouse Ig-PE. Three out of 12 expanded monoclonal cells

The flow cytometric analysis of SpyCatcherA expression after CHO-KI transfection. Following the transfection of CHO-KI cells with the
demonstrated more than 96% homogeneity and high expression levels of SpyCatcherA, as depicted for one of the clones on the left panel. The right

pDisplay plasmid encoding SpyCatchera, 12 clones were isolated, and the level of SpyCatcherA expression and homogeneity were determined via

panel shows the non-transfected CHO-KI cell line as the negative control.
examine the functionality of the SpyTag-harboring viral vector in levels of human CAR; consequently, they are normally non-
binding to the cell surface-expressed SpyCatcher. It should be permissive to natural Ads. The CHO-Spy cells that were able to
express SpyCatcherA on the cell surface were also developed. The

noted that the CHO-K1 cells do not normally express detectable

frontiersin.org

07

Frontiers in Molecular Biosciences


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1039324

Kadkhodazadeh et al.

MOI:500

A MOTI:200
CHO-Spy
CHO-K1
B
100+
80+
=
% 60+
£
& 40+
&)
20+
0.
(19% G;QQ
MOI

FIGURE 4

10.3389/fmolb.2022.1039324

MOI:1000

@B Ad5-GFP —> CHO-K1
@8 fmAd5-GFP --> CHO-K1
@B Ad5-GFP —> CHO-Spy
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O
O
QO

Transduction efficiency of CHO-K1 and CHO-Spy cells with fmAd5-GFP and Ad5-GFP. (A) The cells were infected with fiber-modified Ad-GFP

at MOls of 200, 500, and 1000 TCIDsp/cell for 48 h, and the fluorescent signal of EGFP was investigated by fluorescent microscopy. (B) The
percentage of transducted CHO-K1 and CHO-Spy cells with various MOls of fmAd5-GFP and Ad5-GFP vectors according to flow cytometry; data
are presented based on duplicate experiments, and values are presented as mean + SEM.

transduction efficiency of both cell lines was negligible at MOIs of 10,
50, and 100 for both viral vectors at 48 h post-infection (data not
shown), while at higher MOIs (200, 500, and 1000) of fmAd5-GFP
and Ad5-GFP, as shown in Figure 4A, there was a significant
difference in transduction efficiency between CHO-K1 and CHO-
Spy with fmAd5-GFP at all MOIs. The results were confirmed using
flow cytometry, which indicated the percentage of EGFP-positive
cells and the mean fluorescence intensity after infection with each
vector. In case of both viral vectors, CHO-K1 cells showed the lowest
percentage of EGFP-positive cells and the lowest overall fluorescence
intensity in the transduced cells, as expected (Figure 4B).

On the other hand, when the CHO-Spy cells were infected
with the Ad5-GFP control virus, the transduction rate was
slightly higher than CHO-K1 cells, but significantly lower
than the fmAd5-GFP. It was hypothesized that the slight
increase in the Ad5-GFP transduction rate in CHO-Spy cells
might be related to the inaccurate measurement of CHO-Spy
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cells because of their high adhesion capability following the
SpyCatcherA expression. In the CHO-Spy cells, transduction
with fmAd5-GFP at MOI of 1000 resulted in the transduction of
nearly 90% of cells versus 9% of CHO-KI1 cells. Besides, the EGFP
fluorescence intensity was twice higher, indicating the efficient
transduction of fmAd5-GFP into the CHO-Spy cells through
bioconjugation of the Spy-tagged viral vector with cell surface-
expressed SpyCatcher. Also, differences of approximately
9-10 folds in transduction (as shown in Figure 4B) and 2-
5 folds in fluorescence intensity were identified at other MOIs.

Blockade of CAR-mediated transduction

This study assessed whether SpyCatcher conjugation to
fmAd5-GFP resulted in the ablation of CAR-mediated
transduction of A549, as a high CAR-expressing cell line.
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FIGURE 5

Ablation of CAR-mediated transduction of A549 cells. The
percentage of GFP* cells is shown after the incubation of fmAd5-
GFP at MOls of 100 and 400 by increasing the concentration of
SpyCatcherA before infecting the A549 cells. Data are based

on duplicate experiments, and values are represented as

mean + SEM.

Accordingly, fmAd5-GFP was incubated at MOIs of 100 and
400 with 0, 5, 10, and 20 pM of SpyCatcherA at 37°C for 2 hours
before infecting the A549 cells. As shown in Figure 5, the percentage
of EGFP-positive cells decreased with an increase in the SpyCatcher
protein concentration. When fmAd5-GFP was incubated with
20 uM of SpyCatcher at both MOIs, the number of positive
EGFP cells reduced by seven folds relative to the non-SpyCatcher
control group; consequently, the SpyCatcherA binding to the
fmAd5-GFP could effectively reduce the virus entry via CARs.

VEGFR2-expressing cell transduction by
the retargeted viral vector

To examine the efficacy of Ad vector retargeting, the 293/KDR
cell line, expressing a high level of cell-surface VEGFR2, and
HUVEC as the primary VEGFR2-expressing cell line, were
transduced with fmAd5-GFP, which was previously conjugated
with the adapter molecule. When the 293/KDR and HUVEC
cells were transduced with the adapter-conjugated fmAd5-GFP
and adapter-mixed Ad5-GFP, there was a significant increase in
transduction efficiency of both cell lines with the adapter-conjugated
fmAd5-GFP. The flow cytometry revealed that the percentage of
EGFP* 293/KDR and HUVEC cells in the adapter-conjugated
fmAd5-GFP-transducted group was almost three and two folds
higher than the control group at all MOIs, respectively (Figure 6A).

Additionally, a serial increase in the adapter-to-fiber ratio
from 1:1 to 1:1000 resulted in a progressive rise in the percentage
of EGFP* 293/KDR and HUVEC cells infected with adapter-
conjugated fmAd5-GFP; conversely, the rate of transduction with
adapter-mixed Ad5-GFP was significantly lower and also
6B). of EGFP
fluorescence intensity, there was no significant difference

invariant  (Figure However, in terms
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between the adapter-conjugated fmAd5-GFP and the control
groups. Based on these findings, although Ad5-GFP mixed with
an adapter could partially infect VEGFR2-expressing cells, there
was a remarkable increase in the transduction efficiency when the
adapter-conjugated fmAd5-GFP was used for both VEGFR2-
expressing cell lines.

Discussion

The current study aimed to present a bionanoparticle-based
adaptable technique for modifying the natural receptor specificity of
Ad5 vector, which can be used to retarget Ad5 for theranostic
applications. Although Ad5 is the most common viral vector
modified for gene therapy, development of a safe and efficient
vector remains challenging in the clinical setting. One of the
main restrictions in the clinical administration of Ads is the
promiscuous native Ad tropism, which limits its systemic
administration, as it can induce toxicity through non-specific
uptake, while decreasing the vector bioavailability for the target
cells (Waehler, et al, 2007). Therefore, detargeting and retargeting
are crucial strategies for improving the efficacy of Ad-mediated
tumor theranostics. To address this issue, adapters have been
introduced; nevertheless, the unstable, non-covalent adapter-
vector complex may decrease its efficacy.

In this regard, in a study conducted in 2006, the avidin-biotin
system, as one of the strongest non-covalent protein-ligand
interactions, was used to redirect Ad5 to dendritic cells. The
biotin acceptor peptide (BAP) was genetically incorporated into
the fiber protein to generate an Ad-BAP fusion. Because of its high-
affinity interaction (107°M), this system demonstrated high
potential for in vivo applications, although toxicity was still
probable due to the presence of free biotin in the circulation
(Maguire et al, 2006). Additionally, in another study, the BAP
system was used to compare retargeting of Ad vector through
modification of fiber, protein IX, and hexon toward various cell
types. In contrast to protein IX and hexon, only fiber modification
with high-affinity receptor binding ligands could lead to effective Ad
retargeting, most probably due to atypical virus trafficking in case of
protein IX and hexon modifications (Campos and Barry, 2006).

In the present study, the bacterial superglue, SpyTag-
SpyCatcher, which has been shown to have a median
breakage force more than 20 times stronger than the avidin-
biotin interaction, was employed (Zakeri et al., 2012; Veggiani
et al,, 2014). In this system, in contrast to chemical conjugation-
based techniques, the SpyTag and SpyCatcher can easily react
with one another to form a stable covalent bond under various
conditions. The SpyTag can also react at either the N-terminus,
C-terminus, or an internal site of protein, making it more flexible
than previous split protein-based systems.

In this study, a modified Ad5 vector was generated by inserting
the SpyTag peptide into the HI loop of Ad5 fiber knob. The SpyTag
on the knob domain acted as an anchoring site for a cell-binding
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Transduction of VEGFR2-expressing cells with the retargeted adenoviral (Ad) vector. (A) Comparison of the transduction efficiency of adapter-
mixed Ad5-GFP with adapter-conjugated fmAd5-GFP. After blocking CAR with the recombinant knob protein, the 293/KDR and HUVEC cells were
transduced with different MOls of adapter-treated Ad5-GFP or fmAd5-GFP. (B) After incubating the 293/KDR and HUVEC cells with the knob protein,
the cells were infected with Ad vectors that were previously incubated with the adapter at various adapter-to-fiber ratios and MOls of 20 and
200, respectively. Data are presented based on duplicate experiments, and values are presented as mean + SEM.

protein (CBP) linked with the SpyCatcher. According to previous
studies, any change in the knob can lead to fiber instability; therefore,
the structure of the Ad5 fiber knob protein poses a limitation for
fiber-modified Ad vector development (Dmitriev et al, 1998).
However, considering the rescue of fiber-modified Ad5 containing
SpyTag with an infectious unit similar to the control virus with an
intact fiber, the insertion of SpyTag into the fiber knob did not affect
virus packaging or propagation in our system.

To evaluate the functionality of fmAd5-GFP as a fiber-modified
SpyTag-containing Ad5, the CHO-Spy cells with SpyCatcherA on
their surface were treated with the modified virus. Following SDS-
PAGE and Western blotting analysis, which confirmed the ligation
ability of fmAd5-GFP with the SpyCatcher (Figure 2B), a
comparison of the transduction rate of CHO-Spy versus CHO-
K1 cells revealed that fmAd5-GFP could bind to CHO-Spy cells and
transduce them almost 9-10 times more than CHO-K1 (Figure 4B).
Additionally, a 2-5fold increase in the fluorescence intensity of
CHO-Spy cells transducted with fmAd5-GFP (relative to CHO-
K1) confirmed the efficient binding of SpyCatcher on the CHO-Spy
surface with SpyTag on the modified virus (Figure 4A).
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The fmAd5-GFP detargeting was examined by application of
SpyCatcher-ligated modified virus on A549 as a high CAR-
expressing cell line. The significant inhibition of CAR-mediated
viral transduction (Figure 5) approves a hypothesis which
proposes that Ad5 is remarkably less capable of transducing cells
through CARs after binding with an adapter molecule, conjugated to
the SpyCatcher (Waehler, et al, 2007). This observation is also
comparable to the findings of a study by Dreier et al. (2013)
which showed that binding of 1D3nc SHP1 (trimeric DARPins
grabbing the knob from three sides) to the knob blocked all CAR-
binding sites and completely impaired gene transfer into HEK-293
cells. Nevertheless, due to the uncertainty of SpyCatcher attachment
to all three monomers of the knob, the degree of CAR-binding
ablation was lower than the trimeric DARPin (1D3nc SHP), which
could bind more firmly to all three knob monomers. Generally, non-
specific transduction, particularly in hepatocytes, significantly
decreased by preventing CAR binding in the modified
SpyCatcher-ligated virus.

To retarget fmAd5-GFP, SpyCatcher fused to a nanobody
against VEGFR2 was used in the current study. VEGFR2 has
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been widely targeted for the anti-angiogenic treatment of tumors, as
well as diagnosis of various cancers, such as breast and gastric
cancers (Masuda et al,, 2012; Lian et al.,, 2019; Mastowska et al.,
2021). Currently, camelid nanobody-based therapeutics are being
evaluated in clinical trials against various diseases, including cancers.
Immunogenicity is one of the main challenges in the application of
antibodies, especially when repeated injections are required. Overall,
nanobodies exhibit low immunogenicity owing to their high degree
of homology with the human VH domain, which can strongly
mitigate the potential negative consequences (Jovcevska and
Muyldermans, 2020).

Additionally, the single-domain characteristic of nanobodies
their the
construction of multivalent nanobodies or their fusion with other

facilitates genetic manipulation, allowing for
proteins. Besides, due to the production of nanobodies using low-
cost expression systems, such as E. coli, they are appealing tools for a
wide range of applications (De Vlieger et al.,, 2018). Therefore, in this
study, we decorated fmAd5-GFP with a SpyCatcher-fused
nanobody specific to VEGFR2 as a model CBP in an adapter
structure. There was a significant difference in the transduction
rate when a high adapter concentration or adapter-to-fiber ratio was
used (Figure 6), which is consistent with earlier studies (Dreier et al,,
2011). Previously, it was reported that chelating the trimeric knob by
bivalent or trivalent adapters could improve the Ad retargeting
specificity and efficacy at lower adapter concentrations or adapter-
to-fiber ratios (Dreier et al,, 2011). Accordingly, in future studies, a
triple SpyCatcher adapter can be created using a trimerization motif
to achieve optimal retargeting and detargeting at lower adapter
concentrations or adapter-to-fiber ratios.

In conclusion, in the present study, using the SpyTag-
SpyCatcher protein ligation chemistry, a readily modifiable
developed in
retargeting, without any need for genetic manipulation of the

Ad-based Dbionanoparticle was vitro  for
viral vector. The results revealed that the insertion of SpyTag
peptide into the HI loop of the Ad5 fiber knob did not impair the
viral production process; it also did not impair the SpyTag-
incorporated knob availability to bind to the adapter molecule.
The modified Ad vector was significantly detargeted from its
natural CAR and retargeted to VEGFR2. Although VEGFR2 was
targeted as a CBP model, this viral vector could be easily modified
by covalent binding to target other ligands for various theranostic
applications, while significantly mitigating the side effects of
systemic Ad administration, including hepatotoxicity.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Materials, and further
inquiries can be directed to the corresponding authors.

Frontiers in Molecular Biosciences

1

10.3389/fmolb.2022.1039324

Author contributions

The authors confirm contribution to the paper as follows:
Study conception and design: AA, KA, NM, MK, and KB;
carrying out the experiments: MK; advising the project and
providing some critical materials: KB, MB; data collection:
MK, AA, and KA; analysis and interpretation of results: MK,
AA, KA, and NM; draft manuscript preparation: MK, BK, AA,
KA, and NM. All authors reviewed the results and approved the
final version of the manuscript.

Funding

This work was conducted as a Ph.D. student project and
was financially supported by the Institute Pasteur of Iran
(Grant No. BP_9584) and also by the Hum-Immune
Biotech company.

Acknowledgments
We would like to express our gratitude to the employees of

the Department of Molecular Virology of Pasteur Institute of
Iran and also Younes Hoseini for his valuable advice.

Conflict of interest

The authors declare that the research was conducted
in the of
relationships that could be construed as a potential

absence any commercial or financial

conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.
2022.1039324/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2022.1039324/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.1039324/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1039324

Kadkhodazadeh et al.

References

Ahani, R., Roohvand, F., Cohan, R. A., Etemadzadeh, M. H., Mohajel, N,
Behdani, M., et al. (2016). Sindbis virus-pseudotyped lentiviral vectors
carrying VEGFR2-specific nanobody for potential transductional targeting
of tumor vasculature. Mol. Biotechnol. 58 (11), 738-747. d0i:10.1007/s12033-
016-9973-7

Arvizo, R, Bhattacharya, R., and Mukherjee, P. (2010). Gold nanoparticles:
Opportunities and challenges in nanomedicine. Expert Opin. Drug Deliv. 7 (6),
753-763. doi:10.1517/17425241003777010

Belousova, N., Krendelchtchikova, V., Curiel, D. T., and Krasnykh, V. (2002).
Modulation of adenovirus vector tropism via incorporation of polypeptide ligands
into the fiber protein. J. Virol. 76 (17), 8621-8631. doi:10.1128/jvi.76.17.8621-8631.
2002

Brune, K. D., Leneghan, D. B., Brian, L ], Ishizuka, A. S., Bachmann, M. F,,
Draper, S. ], et al. (2016). Plug-and-Display: Decoration of virus-like particles via
isopeptide bonds for modular immunization. Sci. Rep. 6 (1), 19234-19313. doi:10.
1038/srep19234

Butt, M. H., Zaman, M., Ahmad, A., Khan, R., Mallhi, T. H., Hasan, M. M., et al.
(2022). Appraisal for the potential of viral and nonviral vectors in gene therapy: A
review. Genes 13 (8), 1370. doi:10.3390/genes13081370

Campos, S. K., and Barry, M. A. (2006). Comparison of adenovirus fiber, protein
IX, and hexon capsomeres as scaffolds for vector purification and cell targeting.
Virology 349 (2), 453-462. doi:10.1016/j.virol.2006.01.032

Chung, Y. H,, Cai, H.,, and Steinmetz, N. F. (2020). Viral nanoparticles for drug
delivery, imaging, immunotherapy, and theranostic applications. Adv. Drug Deliv.
Rev. 156, 214-235. doi:10.1016/j.addr.2020.06.024

De Vlieger, D., Ballegeer, M., Rossey, L, Schepens, B., and Saelens, X. (2018).
Single-domain antibodies and their formatting to combat viral infections.
Antibodies 8 (1), 1. doi:10.3390/antib8010001

Dmitriev, I, KashEntsEva, E., Rogers, B. E., Krasnykh, V., and Curiel, D. T.
(2000). Ectodomain of coxsackievirus and adenovirus receptor genetically fused to
epidermal growth factor mediates adenovirus targeting to epidermal growth factor
receptor-positive cells. J. Virol. 74 (15), 6875-6884. doi:10.1128/jvi.74.15.6875-
6884.2000

Dmitriev, I, Krasnykh, V., Miller, C. R,, WangM. KashEntsEva, E., Mikheeva, G.,
et al. (1998). An adenovirus vector with genetically modified fibers demonstrates
expanded tropism via utilization of a coxsackievirus and adenovirus receptor-
independent cell entry mechanism. J. Virol. 72 (12), 9706-9713. doi:10.1128/JV1.72.
12.9706-9713.1998

Dovala, D., Sawyer, W. S, Rath, C. M., and Metzger, L. E. (2016). Rapid analysis of
protein expression and solubility with the SpyTag-SpyCatcher system. Protein
Expr. Purif. 117, 44-51. d0i:10.1016/j.pep.2015.09.021

Dreier, B., Honegger, A., Hess, C., Nagy-Davidescu, G., Mittl, P. R. E., Grutter, M.
G., et al. (2013). Development of a generic adenovirus delivery system based on
structure-guided design of bispecific trimeric DARPin adapters. Proc. Natl. Acad.
Sci. U. S. A. 110 (10), E869-E877. doi:10.1073/pnas.1213653110

Dreier, B., Mikheeva, G., Belousova, N., Parizek, P., Boczek, E., Jelesarov, I, et al.
(2011). Her2-specific multivalent adapters confer designed tropism to adenovirus
for gene targeting. J. Mol. Biol. 405 (2), 410-426. doi:10.1016/j.jmb.2010.10.040

Ginn, S. L., Amaya, A. K., Alexander, I. E., Edelstein, M., and Abedi, M. R. (2018).
Gene therapy clinical trials worldwide to 2017: An update. J. Gene Med. 20 (5),
€3015. doi:10.1002/jgm.3015

Hajeri, P. B., Sharma, N. S., and Yamamoto, M. (2020). Oncolytic adenoviruses:
Strategies for improved targeting and specificity. Cancers 12 (6), 1504. doi:10.3390/
cancers12061504

Herrmann, H., and Bucksch, H. (2014) Application(S) Manual, Dictionary
geotechnical engineering/worterbuch GeoTechnik, Springer, Berlin, Germany,
doi:10.1007/978-3-642-41714-6_12296

Jov¢evska, 1, and Muyldermans, S. (2020). The therapeutic potential of
nanobodies. BioDrugs. 34 (1), 11-26. doi:10.1007/s40259-019-00392-z

Kasaraneni, N., Chamoun-Emanuelli, A. M., Wright, G., and Chen, Z. (2017).
Retargeting lentiviruses via spyCatcher-spyTag chemistry for gene delivery into
specific cell types. MBio 8 (6), 018600-€1917. doi:10.1128/mBio.01860-17

Krasnykh, V. N., Douglas, J. T., and Van Beusechem, V. W. (2000). Genetic
targeting of adenoviral vectors. Mol. Ther. 1 (5), 391-405. doi:10.1006/mthe.2000.
0062

Li, L, Fierer, J. O., Rapoport, T. A., and Howarth, M. (2014). Structural analysis
and optimization of the covalent association between SpyCatcher and a peptide tag.
J. Mol. Biol. 426 (2), 309-317. doi:10.1016/j.jmb.2013.10.021

Frontiers in Molecular Biosciences

12

10.3389/fmolb.2022.1039324

Lian, L., Li, X. L, Xu, M. D,, Li, X. M., Wu, M. Y,, Zhang, Y., et al. (2019).
VEGFR2 promotes tumorigenesis and metastasis in a pro-angiogenic-independent
way in gastric cancer. BMC cancer 19 (1), 183-215. doi:10.1186/s12885-019-5322-0

Madaan, K., Kumar, S., Poonia, N., Lather, V., and Pandita, D. (2014).
Dendrimers in drug delivery and targeting: Drug-dendrimer interactions and
toxicity issues. J. Pharm. Bioallied Sci. 6 (3), 139-150. doi:10.4103/0975-7406.
130965

Magnusson, M. K., Hong, S. S., Henning, P., Boulanger, P., and Lindholm, L.
(2002). Genetic retargeting of adenovirus vectors: Functionality of targeting ligands
and their influence on virus viability. J. Gene Med. 4 (4), 356-370. doi:10.1002/
jgm.285

Maguire, C. A., Sapinoro, R., Girgis, N., Rodriguez—Colon, S. M., Ramirez, S. H.,
Williams, J., et al. (2006). Recombinant adenovirus type 5 vectors that target DC-
SIGN, ChemR23 and alpha(v)beta3 integrin efficiently transduce human dendritic
cells and enhance presentation of vectored antigens. Vaccine 24 (5), 671-682.
doi:10.1016/j.vaccine.2005.08.038

Mastowska, K., Halik, P. K., Tymecka, D., Misicka, A., and Gniazdowska, E.
(2021). The Role of VEGF receptors as molecular target in nuclear medicine for
cancer diagnosis and combination therapy. Cancers 13 (5), 1072. doi:10.3390/
cancers13051072

Masuda, H., Zhang, D., Bartholomeusz, C., Doihara, H., Hortobagyi, G. N., and
Ueno, N. T. (2012). Role of epidermal growth factor receptor in breast cancer.
Breast Cancer Res. Treat. 136 (2), 331-345. doi:10.1007/s10549-012-2289-9

Mortensen, R., Chestnut, J. D., Hoeffler, J. P., and Kingston, R. E. (1997). Selection
of transfected mammalian cells. Curr. Protoc. Neurosci. 4 (1), Unit 4.6-6. doi:10.
1002/0471142301.ns0406s00

Muthu, M. S, Leong, D. T., Mei, L., and Feng, S. S. (2014). Nanotheranostics -
application and further development of nanomedicine strategies for advanced
theranostics. Theranostics 4 (6), 660-677. doi:10.7150/thno.8698

Noureddini, S. C., and Curiel, D. T. (2005). Genetic targeting strategies for
adenovirus. Mol. Pharm. 2 (5), 341-347. doi:10.1021/mp050045¢

Oke, M., Carter, L. G., Johnson, K. A., Liu, H., McMahon, S. A,, Yan, X,, et al.
(2010). The scottish structural proteomics facility: Targets, methods and outputs.
J. Struct. Funct. Genomics 11 (2), 167-180. doi:10.1007/510969-010-9090-y

Okegawa, T., Pong, R. C,, Li, Y., Bergelson, J. M., Sagalowsky, A. I, and Hsieh, J. T.
(2001). The mechanism of the growth-inhibitory effect of coxsackie and adenovirus
receptor (CAR) on human bladder cancer: A functional analysis of car protein
structure. Cancer Res. 61 (17), 6592-6600.

Pereboev, A. V., Nagle, ]. M., Shakhmatov, M. A., Triozzi, P. L., Matthews, Q. L.,
Kawakami, Y., et al. (2004). Enhanced gene transfer to mouse dendritic cells using
adenoviral vectors coated with a novel adapter molecule. Mol. Ther. 9 (5), 712-720.
doi:10.1016/j.ymthe.2004.02.006

Riley, M. K., and Vermerris, W. (2017). Recent advances in nanomaterials for
gene delivery—A review. Nanomaterials 7 (5), 94. doi:10.3390/nan07050094

Rouet, R., Lowe, D., Dudgeon, K., Roome, B., Schofield, P., Langley, D., et al.
(2012). Expression of high-affinity human antibody fragments in bacteria. Nat.
Protoc. 7 (2), 364-373. doi:10.1038/nprot.2011.448

Schoene, C., Fierer, J. O., Bennett, S. P., and Howarth, M. (2014). SpyTag/
SpyCatcher cyclization confers resilience to boiling on a mesophilic enzyme. Angew.
Chem. Int. Ed. Engl. 126 (24), 6101-6104. doi:10.1002/anie.201402519

Singh, S., Kumar, R, and Agrawal, B. (2019). Adenoviral vector-based vaccines
and gene therapies: Current status and future prospects. Adenoviruses 53-91.
doi:10.5772/intechopen.79697

Somiya, M., Liu, Q., and Kuroda, S. (2017). Current progress of virus-mimicking
nanocarriers for drug delivery. Nanotheranostics 1 (4), 415-429. doi:10.7150/ntno.
21723

Sun, F., Zhang, W. B., Mahdavi, A., Arnold, F. H., and Tirrell, D. A. (2014).
Synthesis of bioactive protein hydrogels by genetically encoded SpyTag-SpyCatcher
chemistry. Proc. Natl. Acad. Sci. U. S. A. 111 (31), 11269-11274. doi:10.1073/pnas.
1401291111

Tao, N., Gao, G. P., ParrM., Johnston, J., BaradeT, T., Wilson, J. M., et al. (2001).
Sequestration of adenoviral vector by Kupffer cells leads to a nonlinear dose
response of transduction in liver. Mol. Ther. 3 (1), 28-35. doi:10.1006/mthe.
2000.0227

Tomko, R. P., Xu, R,, and Philipson, L. (1997). HCAR and MCAR: The human
and mouse cellular receptors for subgroup C adenoviruses and group B
coxsackieviruses. Proc. Natl. Acad. Sci. U. S. A. 94 (7), 3352-3356. doi:10.1073/
pnas.94.7.3352

frontiersin.org


https://doi.org/10.1007/s12033-016-9973-7
https://doi.org/10.1007/s12033-016-9973-7
https://doi.org/10.1517/17425241003777010
https://doi.org/10.1128/jvi.76.17.8621-8631.2002
https://doi.org/10.1128/jvi.76.17.8621-8631.2002
https://doi.org/10.1038/srep19234
https://doi.org/10.1038/srep19234
https://doi.org/10.3390/genes13081370
https://doi.org/10.1016/j.virol.2006.01.032
https://doi.org/10.1016/j.addr.2020.06.024
https://doi.org/10.3390/antib8010001
https://doi.org/10.1128/jvi.74.15.6875-6884.2000
https://doi.org/10.1128/jvi.74.15.6875-6884.2000
https://doi.org/10.1128/JVI.72.12.9706-9713.1998
https://doi.org/10.1128/JVI.72.12.9706-9713.1998
https://doi.org/10.1016/j.pep.2015.09.021
https://doi.org/10.1073/pnas.1213653110
https://doi.org/10.1016/j.jmb.2010.10.040
https://doi.org/10.1002/jgm.3015
https://doi.org/10.3390/cancers12061504
https://doi.org/10.3390/cancers12061504
https://doi.org/10.1007/978-3-642-41714-6_12296
https://doi.org/10.1007/s40259-019-00392-z
https://doi.org/10.1128/mBio.01860-17
https://doi.org/10.1006/mthe.2000.0062
https://doi.org/10.1006/mthe.2000.0062
https://doi.org/10.1016/j.jmb.2013.10.021
https://doi.org/10.1186/s12885-019-5322-0
https://doi.org/10.4103/0975-7406.130965
https://doi.org/10.4103/0975-7406.130965
https://doi.org/10.1002/jgm.285
https://doi.org/10.1002/jgm.285
https://doi.org/10.1016/j.vaccine.2005.08.038
https://doi.org/10.3390/cancers13051072
https://doi.org/10.3390/cancers13051072
https://doi.org/10.1007/s10549-012-2289-9
https://doi.org/10.1002/0471142301.ns0406s00
https://doi.org/10.1002/0471142301.ns0406s00
https://doi.org/10.7150/thno.8698
https://doi.org/10.1021/mp050045c
https://doi.org/10.1007/s10969-010-9090-y
https://doi.org/10.1016/j.ymthe.2004.02.006
https://doi.org/10.3390/nano7050094
https://doi.org/10.1038/nprot.2011.448
https://doi.org/10.1002/anie.201402519
https://doi.org/10.5772/intechopen.79697
https://doi.org/10.7150/ntno.21723
https://doi.org/10.7150/ntno.21723
https://doi.org/10.1073/pnas.1401291111
https://doi.org/10.1073/pnas.1401291111
https://doi.org/10.1006/mthe.2000.0227
https://doi.org/10.1006/mthe.2000.0227
https://doi.org/10.1073/pnas.94.7.3352
https://doi.org/10.1073/pnas.94.7.3352
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1039324

Kadkhodazadeh et al.

Veggiani, G., Zakeri, B., and Howarth, M. (2014). Superglue from bacteria:
Unbreakable bridges for protein nanotechnology. Trends Biotechnol. 32 (10),
506-512. doi:10.1016/j.tibtech.2014.08.001

Waehler, R., Russell, S. J., and Curiel, D. T. (2007). Engineering targeted
viral vectors for gene therapy. Nat. Rev. Genet. 8 (8), 573-587. doi:10.1038/
nrg2141

Wickham, T.J., Mathias, P., Cheresh, D. A., and Nemerow, G. R. (1993). Integrins
avf3 and avf5 promote adenovirus internalization but not virus attachment. Cell 73
(2), 309-319. doi:10.1016/0092-8674(93)90231-¢

Wu, H., and Curiel, D. T. (2008). “Fiber-modified adenoviruses for targeted
gene therapy,” in Gene therapy protocols (Berlin, Germany: Springer),
113-132.

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2022.1039324

Yang, J., Zhao, Y., Liu, T., Chen, Y., and Yu, S. (2006). High-level expression, one-
step purification of soluble Ad5-knob protein and its activity assay. Cancer biother.
Radiopharm. 21 (3), 269-275. doi:10.1089/cbr.2006.21.269

Zakeri, B., Fierer, J. O., Celik, E., Chittock, E. C., Schwarz-Linek, U., Moy, V. T,,
et al. (2012). Peptide tag forming a rapid covalent bond to a protein, through
engineering a bacterial adhesin. Proc. Natl. Acad. Sci. U. S. A. 109 (12), E690-E697.
doi:10.1073/pnas.1115485109

Zhang, Y., and Bergelson, J. M. (2005). Adenovirus receptors. J. Virol. 79 (19),
12125-12131. doi:10.1128/JV1.79.19.12125-12131.2005

Zhao, M.-X.,, and Zhu, B.-J. (2016). The research and applications of quantum
dots as nano-carriers for targeted drug delivery and cancer therapy. Nanoscale Res.
Lett. 11 (1), 207-209. doi:10.1186/s11671-016-1394-9

frontiersin.org


https://doi.org/10.1016/j.tibtech.2014.08.001
https://doi.org/10.1038/nrg2141
https://doi.org/10.1038/nrg2141
https://doi.org/10.1016/0092-8674(93)90231-e
https://doi.org/10.1089/cbr.2006.21.269
https://doi.org/10.1073/pnas.1115485109
https://doi.org/10.1128/JVI.79.19.12125-12131.2005
https://doi.org/10.1186/s11671-016-1394-9
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1039324

	Fiber manipulation and post-assembly nanobody conjugation for adenoviral vector retargeting through SpyTag-SpyCatcher prote ...
	Introduction
	Materials and methods
	Construction of modified Ad vector
	Recombinant protein expression
	Cell lines
	Transduction of CHO-K1 and CHO-Spy by Ad vectors
	CAR-binding inhibition assay
	Nanobody-conjugated virus transduction

	Results
	Generation of fiber-modified Ad vector
	Expression and purification of recombinant proteins
	Establishment of the CHO-Spy cell line
	SpyTag-SpyCatcher-mediated viral vector transduction
	Blockade of CAR-mediated transduction
	VEGFR2-expressing cell transduction by the retargeted viral vector

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


