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Adenoviral vectors based on adenovirus type 5 (AdS) are commonly used for gene therapy. The AdS5 fiber-
knob region primarily interacts with the coxsackievirus and adenovirus receptor (CAR). Reportedly, when stim-
ulated, this receptor participates in the regulation of cell-to-cell adhesion and cell migration. In oncogene thera-
PY, cell migration can have adverse effects by promoting metastasis and infiltration. Alternatively, cell migration
may enhance the therapeutic effect of gene therapy by promoting the healing of injured tissues. However, the
effect of binding of the Ad fiber-knob region to CAR of target cells has not been investigated in detail. There-
fore, the aim of the present study was to investigate the effects of the AdS vectors on cell migration with the use
of wound healing and migration assays. The results showed that infection with the AdS vectors promoted the
migration of A549 cells, as determined quantifiably. Furthermore, when the AdS fiber-knob protein was applied
to A549 cells, the same results were obtained. Together, the results revealed that binding of the Ad fiber-knob
protein to CAR causes cell migration as a functional change in target cells. Studying the effect of the Ad fiber-
knob protein will lead to the development of a gene transfer vector with greater safety and therapeutic effects.
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INTRODUCTION

Adenoviruses are characterized by the presence of an icosa-
hedral capsid and the lack of an envelope. Currently, 57 sero-
types of human adenovirus have been identified.” The Ad type
5 (AdS) vector is widely used as a vector in gene therapy and
as an oncolytic virus vector for the treatment of cancer.!?

The AdS5 vector primarily interacts with the coxsackievirus
and adenovirus receptor (CAR), which is expressed in many
tissues, including the liver, heart, brain, kidney, and lung.®
In addition, the fiber-knob region of AdS5 is known to bind to
CAR.» CAR is generally expressed at tight junctions (TJs)
and is involved in regulating cell-to-cell adhesion.® In addi-
tion, the oncolytic Ad vectors, which are proliferative in can-
cer cells, produce several fiber proteins as the virus prolifer-
ates and distribute these fiber proteins to neighboring cells.6?
Hence, regarding the stimulation of CAR in a wide range of
cells, including target cells, infection using an Ad vector is
warranted. Therefore, when the knob region of the Ad vector
stimulates CAR, there may also be some effect on the target
cells as well as neighboring cells. To ensure the safety of gene
therapy and oncolytic virus therapy with the use of Ad vectors,

it is necessary to consider the effects of infection with the Ad
vector itself.

Therefore, the aim of the present study was to investigate
the effects of the interaction of the Ad fiber-knob region with
CAR on cell migration. The results suggest that the interaction
of CAR with the Ad knob region promotes cell migration.

MATERIALS AND METHODS

Cell Lines and Culture A549 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
Merck; Germany) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin—streptomycin solution, and 1% non-
essential amino acid solution (Nacalai Tesque, Japan) under a
humidified atmosphere of 5% CO,/95% air at 37°C. For the
wound healing and migration assays, cells were cultured in
DMEM containing 1% FBS, 1% penicillin—streptomycin solu-
tion, and 1% non-essential amino acid solution.

Flow Cytometry AS549 cells were labeled with
anti-His-tag (dilution, 1:1000; clone OGHis,
Medical & Biological Laboratories, Nagoya, Aichi, Japan)
primary antibodies at 4°C for 30 min to detect the binding
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of the recombinant knob protein fused with a His-tag. Sub-
sequently, the cells were washed with phosphate-buffered
saline and incubated with allophycocyanin-conjugated sec-
ondary antibodies (dilution, 1:2000, Invitrogen, Carlsbad, CA,
USA). The stained cells were washed thoroughly and sub-
jected to flow cytometry with FACSCalibur™ cell analyzer
(BD Biosciences, San Jose, CA, USA) and CellQuest™ soft-
ware (BD Biosciences).

Preparation of Recombinant AdSknob Protein (rAd-
S5knob) DNA fragment of AdS fiber-knob was cloned into a
pET16b vector for production of rAdSknob expression plas-
mids, which were used to transfect Escherichia coli BL21
(D3) cells. The synthesis of rAdSknob was stimulated by the
addition of isopropyl-D-thiogalactopyranoside. Cells were
harvested, resuspended in buffer A (10 mM Tris—HCI, pH 8.0,
400 mM NaCl, 5 mM MgCl,, 10% glycerol, 0.1 mM [p-amid-
inophenyl] methanesulfonyl fluoride hydrochloride, and 1 mM
B-mercaptoethanol), and then lysed by sonication. The lysates
were applied to a Ni-column, and rAdknob bound to the Ni-
resin was eluted with a 0-400 mM imidazole gradient in buffer
A. The solvent for rAdSknob was changed to phosphate-buff-
ered saline and the proteins were subjected to gel filtration with
the use of a PD-10 column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The concentrations of rAdSknob were esti-
mated using a protein assay kit with bovine serum albumin as
a standard.

Western Blot Analysis After boiling for 3 min, protein
samples in 1x sample buffer with 4% B-mercaptoethanol were
separated by sodium dodecyl sulfate-15% polyacrylamide gel
electrophoresis and then electrotransferred to polyvinylidene
fluoride membranes. After blocking with 1% Block Ace® rea-
gent (Megmilk Snow Brand, Japan)/TBS-T (10 mM Tris—
HCI, 0.1 M NaCl, and 0.05% Tween 20), the membranes were
incubated with anti-His-tag monoclonal antibodies (dilution,
1:10000, QIAGEN, Germany), followed horseradish peroxi-
dase-labeled goat anti-mouse secondary antibodies (dilution,
1:2000, AMERICAN QUALEX Manufactures, USA). The
membranes were developed using electrochemiluminescence
western blotting detection system, and signals were detected
using a LAS- 4000 mini (Fujifilm Co., Japan).

Wound Healing Assay AS549 cells were seeded onto
a 12-well plate and cultured at humidified conditions of 5%
CO, at 37°C for 24 h. After 24 h, culture medium from the
wells was removed, and a regular and defined wound was cre-
ated within the cell monolayer. Then, the cells were washed
with phosphate-buffered saline, and culture medium was add-
ed to the wells again. Cells were treated either with epidermal
growth factor (EGF) (200 ng/mL) (Sigma-Aldrich, Saint Louis,
USA) or rAdSknob (20 pg/mL) and cultured further. After 24
or 48 h, wound area closure was observed under a microscope.
Experiments using Ad5 vector (20 VP/cell) were also per-
formed in a similar manner. Previous report have shown that
EGF stimulates migration but is not associated with cell pro-
liferation in non-small lung cancer.® The rAd5knob amount
to be added was determined using concentration-dependent
experiments (data not shown).

Migration Assay A549 cells were seeded on the apical
side of Transwell® Permeable Supports (8.0 pm polycarbon-
ate membrane, 6.5 mm insert, 24-well plate, Corning, NY,
USA), and EGF (200 ng/mL) or rAdSknob (20 pg/mL) was
added to the basal side of the transwell. Cells were cultured
at humidified conditions of 5% CO, at 37°C for 48 h. After

Vol. 4, No. 1 (2021)

48 h, the well insert was removed, and the cells that had
migrated to the basal side were observed under a microscope.
Furthermore, 300 uL of AlamarBlue™ cell viability reagent
(Invitrogen) was added to the migrated cells and further cul-
tured for 24 h. After 24 h, 100 pL/well of the culture medi-
um containing alamarBlue reagent was collected, and the fluo-
rescence intensity was measured using Flioroskan (Fluoroskan
Asent FL.,Thermo Scientific, Rockford, IL, USA). Experi-
ments using AdS vector (20 VP/cell) were also performed in a
similar manner.

RESULTS

Adenocarcinomic human alveolar basal epithelial A549
cells were used to elucidate the mechanism of Ad infection.
First, expression levels of CAR were detected in A549 cells,
which were confirmed as 91% + 0.37% compared with anti-
body-untreated A549 cells (data not shown).

The effect of infection of Ad vectors on the migratory
capacity of A549 cells was investigated using the wound heal-
ing and migration assays. EGF was used as a positive control
for evaluating the migration of A549 cells. Cell migration to
the wounded area was promoted in the experimental groups,
but not the control group. In addition, infection with the AdS5
vectors promoted cell migration to the same extent as the posi-
tive control group with EGF (Fig. 1). The results of the migra-
tion assay confirmed the same effect of the AdS vectors on the
migration of A549 cells (Fig. 2A). In this study, the ability of
the Ad vector to enhance cell invasion was also assessed. The
results of the alamarBlue (cell viability) assay showed that
the addition of EGF and Ad5 vector significantly increased
fluorescence intensity relative to the control (Fig. 2B). Thus,
infection with the Ad5 vector may activate cell migration and
invasion.

Therefore, the region of the Ad vector involved in cell
migration and invasion was investigated by focusing on the
interaction between the viral fiber-knob protein and the prima-
ry receptors CAR, which is suspected to increase the migrator
capabilities of the target cells. The presence of rAdSknob was
confirmed by staining with Coomassie brilliant blue (Fig. 3A)
and western blot analysis (Fig. 3B). The rAdSknob was used
as a sample for western blotting. Furthermore, the fluores-
cence intensity of the A549 cells was increased following the
addition of rAdSknob (Fig. 3C), which confirmed the binding
of A549 cells to rAd5Sknob. Hence, these proteins were fur-
ther used in this study. In addition, the effect of the Ad fiber-
knob region interacting with CAR on the proliferation of A549
cells was investigated. When the cells were cultured in medi-
um with rAd5knob, there was no increase in cell number rela-
tive to the control group (data not shown).

Addition of rAdSknob promoted cell migration to the
wounded areas (Fig. 4). Furthermore, the results of the migra-
tion assay confirmed that addition of rAd5Sknob promoted the
migration of A549 cells (Fig. 5). Collectively, these results
indicate that the fiber-knob region of the Ad5 vector promoted
the migration of A549 cells.

DISCUSSION

Infection with the Ad vector promotes cell migration.” CAR
regulates cell-to-cell adhesion and promotes cell migration.*!0
Therefore, the use of an Ad vector in gene therapy may con-
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Fig. 1. Effect of the Ad5 Vector on Wound Healing
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A549 cells were cultured in the wells of a 12-well plate at 3.0 x 105 cells/well. After 24 h, the culture medium in the well was removed and a straight wound to the cell mon-
olayer was created. Wells were either left treated with EGF (200 ng/mL), Ad5 vector (20 VP/cell) or further cultured. Control cells were incubated with 1% FBS in DMEM only.

After 24 or 48 h, closure of wounded areas was observed under a microscope.

&

Fig. 2. Effect of the AdS Vector on the Migration of A549 Cells
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A549 cells were cultured on the apical side of a transwell at 3.0 x 105 cells/well. Then, EGF (200 ng/mL), the Ad5 vector (20 VP/cell) was added to the apical side of the tran-
swell. After 48 h, the insert in the well was removed, and the cells that had migrated to the basal side were observed under a microscope (A). Furthermore, the migrated cells were
incubated with AlamarBlue reagent for 24 h. Then, the culture medium was collected, and the fluorescence intensity was measured (B). The results are presented as the mean +

standard deviation (SD); n = 3. **p < 0.005.

sequently lead to functional changes in target cells. There-
fore, we investigated the effect of the Ad fiber-knob region
on cell migration. The wound healing assay and migration
assay results showed that infection with either the Ad5 vector
(Figs. 1, 2) or the addition of rAd5knob (Figs. 4, 5) similarly
promoted the migration of A549 cell.

CAR is localized in epithelial TJs and plays a key role in
the junctional barrier function.” Infection with the Ad5 vec-
tor reportedly reduced the barrier function and diminished the
cell-to-cell junction integrity.!) Furthermore, in response to an
infection with the Ad vector, the PI3K/Akt pathway was acti-
vated in epithelial cells,'> which mainly involved cell growth,
invasion, and migration, while inhibiting apoptosis.'® In fact,
the Ad vector also stimulated the growth and migration of
human lung microvascular endothelial cells.” In the present
study, rAdSknob addition promoted cell migration. Therefore,
cell migration in response to rAd5knob addition may be medi-
ated by the PI3K/Akt pathway activation, as reported in previ-

ous studies.'? In addition, cell migration occurred to the same
extent following infection with the Ad vector and after the
addition of the rAdSknob. Hence, cell migration does not nec-
essarily occur due to the influence of the Ad vector alone but
rather due to the interaction between the Ad fiber-knob region
and CAR.

The fiber-knob region may activate specific signal transduc-
tion systems that regulate cell-to-cell adhesion and promote
cell migration by interacting with CAR. Therefore, the use of
the AdS5 vector may cause functional changes to infected cells
and promote the migration of cancer cells to the same extent.
Hence, gene therapy with the use of an Ad vector may lead to
metastasis or invasion of cancer cells.

Therefore, when using AdS vectors, which are most widely
used in gene therapy and oncolytic cancer therapy for several
diseases, it is necessary to consider functional changes and the
influence on the migratory capabilities of target cells.
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Fig. 3. Confirmation of Recombinant Knob Protein Binding to A549 Cells

The protein solution purified using Ni-column and buffer-substituted by PD-10 column was used as a sample for sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Following separation by gel electrophoresis, the rAdSknob were stained with Coomassie brilliant blue (A) or Western blot analysis (B). A549 cells were cultured in the wells of a
6-well plate at 3.0 x 105 cells/well. After 24 h, the rAd5knob (20 pg/mL) was added to the wells. After incubation at 4°C for 30 min, the cells were harvested and immunostained
with anti-His-tag antibodies and anti-mouse allophycocyanin-conjugated antibodies against immunoglobulin G (IgG). Control samples were treated only with anti-mouse allo-
phycocyanin-conjugated antibodies against IgG, whereas the blank samples were antibody-untreated. The fluorescent intensity of the cells was determined by flow cytometry (C).
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Fig. 4. Effect of rAdSknob on Wound Healing

A549 cells were cultured in the wells of a 12-well plate at 3.0 x 105 cells/well. After 24 h, the culture medium in the well was removed and a straight wound to the cell mon-
olayer was created. Wells were either left treated or further cultured with EGF (200 ng/mL), rAd5knob (20 ug/mL). Control cells were incubated with 1% FBS in DMEM only.
After 24 or 48 h, closure of the wounded areas was observed under a microscope.
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Fig. 5. Effect of rAdSknob on the Migration of A549 Cells

A549 cells were cultured on the apical side of a transwell at 3.0 x 10 cells/well. Then EGF (200 ng/mL), rAd5knob (20 pg/mL) was added to the apical side of the transwell.
After 48 h, the insert in the well was removed, and the cells that had migrated to the basal side were counted under a microscope (A). Furthermore, the migrated cells were incubat-
ed with AlamarBlue reagent for 24 h. Then, the culture medium was collected, and the fluorescence intensity was measured (B). The results are presented as the mean = SD; n = 3.
ok

p<0.005.
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