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Abstract

Human adenoviruses (Ads), common pathogens that cause upper respiratory and gastrointestinal infections, are blocked by
neutralizing antibodies (nAbs). However, Ads are not fully eliminated even in hosts with nAbs. In this study, we assessed the
infectivity of progeny Ad serotype 5 (Ad5) in the presence of nAb. The infectivity of Ad5 was evaluated according to the expres-
sion of the Ad genome and reporter gene. Infection by wild-type Ad5 and Adb vector continued to increase until 3days after
infection even in the presence of nAb. We established an assay for determining the infection levels of progeny Adb5 using a
sorting system with magnetic beads and observed little difference in progeny Ad5 counts in the presence and absence of nAb
1day after infection. Moreover, progeny Adb in the presence of nAb more effectively infected coxsackievirus and adenovirus
receptor (CAR)-positive cells than CAR-negative cells. We investigated the function of fiber proteins, which are the binding
partners of CAR, during secondary infection, observing that fibre proteins spread from infected cells to adjacent cells in a CAR-
dependent manner. In conclusion, this study revealed that progeny Adb could infect cells even in the presence of nAb, differing
from the common features of the Adb infection cycle. Our findings may be useful for developing new therapeutic agents against

Ad infection.

INTRODUCTION

Human adenovirus (Ad) is a non-enveloped and double-
stranded DNA virus with icosahedral symmetry that is
categorized into seven subgroups (A-G) based on its genomic
and biological properties. Ads cause respiratory, ocular,
and gastrointestinal tract infections in immunocompetent
individuals, along with severe diseases that are often fatal
in immunocompromised patients [1-3]. In the case of Ad
serotype 5 (Ad5), the most studied serotype, infection is initi-
ated via binding of the knob region located at the C-terminus
of the trimeric fibre protein to the primary receptor, i.e. the
coxsackievirus and adenovirus receptor (CAR) [4, 5]. Then,
the Ads enter cells via endocytosis mediated by the interaction

between the integrins on the cell surface and an arginine-
glycine-aspartate motif located in the penton base, followed
by escape to the cytosol [6, 7]. After the viral genomes are
transported along the microtubules in a dynein-dependent
manner, they are translocated to the nucleus [8, 9], where
viral DNA replication is activated by the early region proteins,
suchas E1A and E1B [10, 11]. After the formation of progeny
Ad particles in the nucleus, infected cells are lysed by E3-11.6
K protein, followed by particle spread to uninfected cells via
cell-free transmission [12, 13].

Although viral infections are suppressed by innate and
adaptive immunity, Ads have acquired various strategies to
evade host immunity and prolong the duration of infection.
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One of the aspects of innate immunity is immune responses
activated by host pattern recognition receptors such as Toll-
like receptors (TLRs). It has been reported that Ad vectors
stimulate TLR9 and elicit the production of type I interferon
(IEN), a cytokine that induces an antiviral state in host cells,
in dendritic cells by virus-associated RNAs [14, 15]. To coun-
teract cytokine production, E1A proteins of Ads suppress the
expression of IFN-stimulated genes via the N-terminal/CR1
region [16] and RuvBL1 [17]. In addition, Ad early region
four open-reading frame 3, which is critical for efficient viral
DNA replication [18, 19], inhibits [FN-induced responses to
viral infection [20]. In adaptive immunity, antigen-specific
cytotoxic T lymphocytes (CTLs) and antibodies are induced
during viral infection. CTLs recognize and kill infected cells,
which produce viral proteins and present antigen peptides
to major histocompatibility complex class I molecules.
Immunodominant Ad-specific CTLs target the hexon
protein, which contains conserved sequences of amino acid
residues, displaying cross-reactivity with different adenoviral
species [21, 22]. In addition, neutralizing antibodies (nAbs)
against Ads recognize viral particles including hexon and
fibre proteins, which are their major components, outside
cells [23, 24]. Anti-Ad5 nAb is carried by more than 40%
of people globally and is known to constitute an obstacle to
successful gene therapy with Ad vectors [25]. However, it has
been reported that patients with nAbs against Ads frequently
developed Ad infection after allogeneic stem cell transplanta-
tion [26]. In another study, infection by progeny Ad2, which
replicates in infected cells in the presence of nAbs, was
slightly observed [13]. These reports suggested that a small
amount of Ad was not recognized by nAb and remained in
the Ad-infected patients, but the infectivity of progeny Ad
in the presence of nAb and its mechanism remains unclear.

In this study, we defined the infectivity of progeny Ad5 in the
presence of nAb using wild-type (WT) Ad5 and Ad5 vectors
containing firefly luciferase and green fluorescent protein
(GFP) expression cassettes (Ad5/Luc and Ad5/GFP vectors,
respectively). Moreover, we focused on the fibre protein of
Ad5 (Ad5fiber), which is critical for cell surface binding,
and examined its activity during secondary infection. We
found that progeny Ad5 could infect cells adjacent to initially
infected cells even in the presence of nAb, which differs from
the features of common infection by Ad5.

METHODS
Cells

Cells were maintained in Dulbecco’s modified Eagle’s medium
(Merck, Darmstadt, Germany) containing 10% fetal bovine
serum, 1% penicillin-streptomycin solution, and 1% non-
essential amino acid solution (Nacalai Tesque, Kyoto, Japan)
in an atmosphere of 5% CO,.

Cells that expressed GFP, CD90.2, and/or CAR were generated
using lentiviral vectors. Briefly, the GFP, mouse CD90.2, and
human CAR genes were cloned into the BamHI and EcoRI
sites of the FG11BSE lentiviral vector. All vesicular stomatitis
virus (VSV)-G pseudotyped lentiviral vectors were produced

via the calcium phosphate-mediated transient transfection of
293 T cells. Then 293 T cells were co-transfected with appro-
priate amounts of vector plasmid, the HIV-1 lentiviral pack-
aging constructs pRSVREV [27] and pMDLgpRRE [27], and
the VSV-G expression plasmid pHCMVG [28]. The lentiviral
vectors were collected from the culture supernatants 3 days
after transfection. Cells were incubated with lentiviral vectors
for 3 days, followed by the sorting of transduced cells using
a cell sorter (SH800, Sony, Tokyo, Japan). GFP, CD90.2, and
CAR expression on the surface of sorted cells was confirmed
using flow cytometry. Ad5fiber-expressing 293 (Ad5fiber 293)
cells, which we generated previously, were used [29].

Virus and nAb against Ad5

WT Ad5 (#VR-5) was obtained from ATCC (Manassas, VA,
USA). Ad5 vectors contained a cytomegalovirus promoter-
driven firefly luciferase expression cassette and GFP expres-
sion cassette. Determination of the viral particle (VP) titres of
WT Ad5 and Ad vectors was accomplished using quantitative
polymerase chain reaction (PCR) and the method described
by Maizel et al. [30], respectively.

nAb against Ad5 and control serum were selected from
human sera purchased from Cosmo Bio (Tokyo, Japan)
using the infectious titres. nAb and control serum were used
at 200-fold dilution in this study. Mouse antiserum to Ad5
was prepared by immunizing C57BL/6 mice (female, 10 weeks
old) via intraperitoneal injection of the Ad5 vectors exposed
to UV radiation 254nm for 30 min (1.0x10° VPs per body)
with lipopolysaccharide at 5 g per body as an adjuvant. PBS
acted as the negative control. Eight days after immunization, a
second injection was given. Mouse sera obtained 17 days after
the first immunization were determined using nAb titres and
used at 100-fold dilution in this study. The animal experiment
was approved by the institutional ethics committee. Sera were
heat-inactivated at 56 °C for 30 min before use.

Ad infection in the presence of nAb

Cells were infected with WT Ad5 at 2.0x10° VPs cell ™! for 4h
and Ad5/Luc vectors at 200 VPs cell™ for 2 h. After infection,
cells were harvested and seeded with non-infected cells at a
ratio of 1:10 in six-well plates, followed by incubation in the
presence of nAb and control serum. Culture supernatants were
collected, and the infection levels in infected cells were deter-
mined by quantifying the Ad E4 gene with quantitative PCR
(forward primer, 5-CAC-CAC-CTC-CCG-GTA-CCA-TA-3;
reverse primer, 5-CCG-CAC-CTG-GTT-TTG-CTT-3';
probe, 5'-[FAM]-AAC-CTG-CCC-GCC-GGC-TAT-ACA-
CTG-[MGBEQ]-3’) and a luciferase assay system (PicaGene
LT?2.0; Toyo Inki, Tokyo, Japan) every 24 h. Cells were treated
with the collected culture supernatants for 24 h, followed by
measurement of the infection levels. Similarly, 293 T cells
were infected with Ad5/GFP vectors at 2000 VPs cell™ for 2 h.
After infection, cells were harvested, seeded with 293 cells and
mCherry-expressing 293T in a six-well plate, and cultured
in the presence of nAb. GFP-positive cells were analysed
using a fluorescence microscope (KEYENCE, Osaka, Japan)
and a flow cytometer (cytoFLEX S, Beckman Coulter, Brea,
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CA, USA). The areas of GFP fluorescence in the images were
quantitated using the BZ-X analyser (KEYENCE).

To determine the infection levels of progeny Ad5, 293 T cells
infected with Ad5/Luc vectors at 200 VPs cell™ for 2h were
co-cultured with CD90.2-expressing cells at a ratio of 1:10
in the presence of nAb and control serum. At 1-3 days after
infection, cells were suspended and treated with magnetic
beads against CD90.2 (Becton Dickinson, Franklin Lakes, NJ,
USA) at 4 °C for 30 min, after which cell sorting was performed
in accordance with the manufacturer’s protocol. A luciferase
assay system (PicaGene LT2.0) was used to determine lucif-
erase production in sorted cells. To confirm the interference
of residual initially infected cells, infected cells were added to
CD90.2-expressing cells at a ratio of 1:10 immediately before
sorting, followed by sorting at the same time co-cultured cells
were sorted. Sorted cells without co-cultivation were used as
a sorting control.

Immunostaining

Ad5fiber 293 cells were seeded with GFP-expressing 293 T
cells in a 24-well plate on which a cover glass was placed,
followed by incubation for 2days. Cells were fixed in 4%
paraformaldehyde for 30 min and incubated in 0.1% Triton
X-100 for 15 min. After rinsing with 0.05% Tween-20 in PBS
(PBS-T), cells were blocked with 5% bovine serum albumin
in PBS-T for 45 min and incubated with anti-fibre Ab (1:1000;
Thermo Fisher Scientific, Waltham, MA, USA) for 2h. After
three washes with PBS-T, cells were incubated with conjugated
goat anti-mouse IgG Alexa Fluor 680 (1:2000; Thermo Fisher
Scientific) for 2h. After three washes with PBS-T and PBS,
cells were carefully mounted onto glass strips. Images of cells
were obtained using a confocal laser-scanning microscope
(ECLIPS TI-E, Nikon Corp., Tokyo, Japan) equipped with
a CCD camera. The fluorescence intensity of the Ad5fiber-
positive cells in the images was quantitated using Image].

Flow cytometry

To detect Ad5fiber on the cell surface, 293 T cells infected with
Ad5 vectors at 200 VPs cell! for 2h and Ad5fiber 293 cells
were co-cultured with GFP-expressing cells for 1 day. Cells
were treated with anti-fibre Ab (1:500) at 4°C for 60 min.
Subsequently, cells were washed with PBS twice and incubated
with allophycocyanin-labelled secondary antibody (1:1000;
Thermo Fisher Scientific) at 4°C for 60 min. After thorough
washing, stained cells were analysed using the FACSCalibur
(Becton Dickinson) and CellQuest software (Becton Dick-
inson) or a cytoFLEX S.

Cell ELISA

The 293 T cells infected with Ad5 vectors at 200 VPs cell™
for 2h were seeded with non-infected cells at a 1:1 ratio in a
24-well plate. After incubation for 40 h, cells were fixed in 4%
paraformaldehyde for 30 min and then blocked with 1% Block
Ace in PBS for 2h. Cells were incubated with 0.25pgml™
anti-hexon Ab (Millipore, Billerica, MA, USA) and control-
Ab (Becton Dickinson) at 4°C overnight. After four washes

with PBS, cells were incubated with horseradish peroxidase-
labelled goat anti-mouse IgG (1:20,000; Cosmo Bio) for
2h. Then, after five washes with PBS, cells were incubated
with 3,3',5,5'-tetramethylbenzidine for 15min. The enzyme
reaction was stopped by the addition of 1N H,SO,, and the
absorbance at 450 nm was read using a microplate reader
(Varioskan Flash; Thermo Fisher Scientific).

Statistical analysis

Statistical analysis was performed using SigmaPlot v.12.5 soft-
ware (Systat Software, San Jose, CA, USA). Statistical signifi-
cance was analysed using Student’s ¢-test and Kruskal-Wallis
analysis of variance (ANOVA) on ranks, one-way ANOVA, or
two-way ANOVA followed by the Student-Newman-Keuls
post-hoc test. P<0.05 was considered significant.

RESULTS

Infection levels of Ad5 sequentially increased even
in the presence of nAb

First, we determined the time course of Ad5 infection levels
when infected cells were cultured in the presence of nAb.
Human serum that inhibits the transduction of Ad5 vectors
by more than 99% at 320-fold dilution and serum with no
inhibitory effects were used as nAb and control serum,
respectively (Fig. Sla, available in the online version of this
article). In addition, at the 200-fold dilution, the nAb could
still inhibit the transduction of the Ad5 vectors by more than
99%, at up to 4.3x107 infectious units ml™" (Fig. S1b). HeLa
cells were co-cultured with cells infected with WT Ad5 in the
presence of nAb, followed by determination of the abundance
of the Ad genome every 24h. Then, we also evaluated the
infectivity of Ad5 released from infected cells into culture
supernatant. The abundance of the Ad genome in cells treated
with control serum and serum-free supernatant collected
every 24h increased in a time-dependent manner, whereas
that in nAb-treated cells did not detected, indicating that
progeny Ad5 released into culture supernatant was completely
blocked by nAb (Fig. 1a left). In contrast, the abundance of
the Ad genome in the cells, including the initially infected
cells, significantly increased at 3 days post-infection under all
conditions (Fig. 1a right). Similar results were obtained when
Ad5/Luc vectors and 293 cells that allow Ad5 vectors to repli-
cate were used instead of WT Ad5 and HeLa cells (Fig. 1b).
To clarify whether the increase of Ad genome and reporter
gene expression in the presence of nAb was associated with
the increases in the number of infected cells, we evaluated
the number of infected cells using Ad5/GFP vectors. The
293 cells were co-cultured with cells infected with Ad5/GFP
vectors, and images of cells were obtained using a fluores-
cence microscope. The images illustrated that the number of
GFP-positive cells increased in the presence of nAb without
significant cytopathic effects (Fig. 2a). Furthermore, the areas
of fluorescence were significantly increased in the presence of
the nAb at 3 days post-infection (Fig. 2b). Moreover, to differ-
entiate cells initially infected with Ad5/GFP vectors from
those secondarily infected with progeny Ad5/GFP vectors,
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Fig. 1. The time-dependent changes in the infection levels of adenovirus serotype 5 (Ad5) in the presence of neutralizing antibody (nAb).
Hela and 293T cells that were infected with wild-type (WT) Ad5 (a) and Adb vectors containing firefly luciferase expression cassette (b),
respectively, were seeded, co-cultured with non-infected cells, and incubated with the control serum and nAb. The levels of infection of
cells in the presence of initially infected cells (right) and cells treated with supernatant collected every 24 h (left) were determined. The
data are presented as means = SD (n=3, biological replicates). The infection levels in the cells treated with supernatants collected at 1 day
post-infection and those with nAb were below the detection limit when WT Ad5 was used (A, left). Statistical analysis was conducted
using the two-way analysis of variance and the Student-Newman-Keuls post-hoc test. ® and 1, without nAb; m and 2, control serum; A
and 3, nAb. *P<0.05, compared with the value on the previous day; ns, not significant; ND, not detected.

we used 293 T cells expressing mCherry, a red fluorescent
protein. When 293 T cells infected with Ad5/GFP vectors
were co-cultured with mCherry-expressing 293 T cells for
3 days, the number of GFP-positive cells among mCherry-
expressing 293 T cells sequentially increased (Fig. 2c, d).

The infectivity of progeny Ad5 in the presence of
nAb

To evaluate the infectivity of progeny Ad5 in the presence
of nAb, we established an assay that determined the infec-
tion levels in cells infected with progeny Ad5. This assay
was constructed using a sorting system featuring cells that
constitutively expressed mouse CD90.2 as a marker and
anti-mouse CD90.2 magnetic beads. After co-cultivating

CD90.2-expressing cells with infected cells, CD90.2-
expressing cells were sorted using anti-mouse CD90.2
magnetic beads. The infection levels in sorted cells indicate the
infectivity of progeny Ad5 when initially infected cells were
fully eliminated by the sorting system (Fig. 3a). In prelimi-
nary experiments, CD90.2-negative cells were not detected
among sorted cells via flow cytometry. Moreover, to confirm
the interference by initially infected cells (CD90.2-negative)
after sorting, we determined the infection levels in a control in
which CD90.2-expressing cells were temporarily co-cultured
with initially infected cells in the tube immediately before
sorting using anti-CD90.2 magnetic beads. Expectedly, the
infection levels in the sorting control were at background in
all experiments, implying that the sorting system eliminated
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Fig. 2. Infected cell counts were increased even in the presence of neutralizing antibody (nAb). (a, b) The 293T cells infected with
adenovirus serotype 5 vectors containing green fluorescent protein expression cassettes (Ad5/GFP) were seeded, co-cultured with
293 cells, and incubated with the control serum and nAb. A fluorescence microscope was used to acquire the images. The bar represents
100um. The images are representative of three independent experiments. The GFP-positive areas were analysed using the BZ-X
analyser. The data are presented as the mean+SD (error bars; n=3, biological replicates). The P values (one-tailed) were analysed using
two-way analysis of variance (ANOVA) and the Student-Newman-Keuls (SNK) post-hoc test. m and 1, control serum; A and 2, nAb.
'P<0.05; compared to the value on the previous day; ns, not significant. (c, d) The 293T cells infected with Ad5/GFP were seeded, co-
cultured with mCherry-expressing 293T cells, and incubated with the nAb. GFP-positive cells were identified by flow cytometry. The
data are presented in representative dot plots as the mean+SD (error bars) number of GFP-positive cells in mCherry-expressing 293 T
cells per 1000 GFP-positive 293T cells (mCherry-negative; n=3, biological replicates). Statistical analysis was conducted using one-way
ANOVA and the SNK post-hoc test (*P<0.05, compared to the value on the previous day).

initially infected cells below the level that could cause interfer-
ence (Fig. 3). In addition, luciferase activity in the sorted cells
was significantly higher than that in the sorting control when
the initially infected cells were 293 T cells, but not HepG2
cells, in which the Ad5 vectors were not replicated. These
data indicated that the progeny Ad5 vectors replicated in the
initially infected 293 T cells infected the CD90.2-expressing
cells (Fig. S2).

HepG2 cells that expressed mouse CD90.2 (CD90.2 HepG2
cells) were co-cultured with 293 T cells infected with Ad5/

Luc vectors in the presence of nAb, followed by measure-
ments of luciferase activity in cells sorted 1 and 3 days after
infection. We then confirmed that nAb completely blocked
the infection of progeny Ad5 released into culture superna-
tant (Figs S3 and S4). The luciferase activity in cells sorted
1 and 3 days after co-cultivation with infected cells in the
presence of nAb was considerably higher than that of the
sorting control (Fig. 3b). Notably, the ratio of evasion of nAb
responses (nAb/control serum) was higher on day 1 than on
day 3. Similar results were obtained using serum collected
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from Ad5-immunized mice with equal inhibitory potency as
nAD (Figs 3c and S5).

To evaluate the infectivity of progeny Ad5 in the presence
of nAb in other cell lines, we prepared A549 and SF295
cells that expressed CD90.2. The luciferase activity in SF295
cells, which do not express CAR, in the presence of nAb was
comparable to that of the sorting control, whereas that of
A549 cells, which express CAR, was significantly higher than
that of the sorting control (Fig. 3d). To uncover the contribu-
tion of CAR, the infectivity of progeny Ad5 in the presence
of nAb in SF295 cells that constitutively expressed CAR was
evaluated. The luciferase activity in CAR-expressing SF295
cells was significantly increased compared with that in GFP-
expressing SF295 cells as a negative control, demonstrating
that CAR was also important for infection by progeny Ad5 in
the presence of nAb (Fig. 3e).

Fiber protein on the cell surface could spread to
nearby cells in a CAR-dependent manner

Progeny Ad5 must spread from infected cells to nearby cells
to facilitate infection, whereas infection by progeny Ad5
released into culture supernatant was inhibited by nAb. We
previously demonstrated that Ad5fiber localized to the cell
surface without release into the culture supernatant [31].
We focused on Ad5fiber and examined its behaviour on the
cell surface. Flow cytometry analysis illustrated the presence
of Ad5fiber on the cell surface of both infected cells and
GFP-expressing HepG2 cells after co-cultivation (Fig. 4a).
Similar results were obtained when Ad5fiber 293 cells were
used instead of infected cells (Fig. 4b), demonstrating that
Adbsfiber spread from infected cells to nearby cells. Moreover,
we investigated whether the spread of Ad5fiber occurs in a
CAR-dependent manner. As presented in Fig. 4c, Ad5fiber
spread from infected cells to the surface of A549 cells, but
not SF295 cells. In contrast to the findings for SF295 cells,
Adsfiber spread to the surface of CAR-expressing SF295 cells
similarly as observed for HepG2 and A549 cells (Fig. 4¢). In
addition, immunostaining for Ad5fiber revealed its localiza-
tion in the intercellular space in which CAR resides on cells
distant from Ad5fiber 293 cells (Fig. 4d).

Finally, we investigated whether progeny Ad spreads on
the cell surface in the presence of nAb. In cells that were
not permeabilized with surfactant, the levels of hexon, a
major component of Ad, were determined using anti-hexon
antibody. The absorbance in cells detected using anti-hexon
antibody was significantly higher when infected cells were
co-cultured with CAR-expressing SF295 cells than with
SF295 cells. This indicated that progeny Ad5 was efficiently
transferred to CAR-positive cells but not CAR-negative cells,
similarly as noted for Ad5fiber (Fig. 4e).

DISCUSSION

Host immunity is important for controlling viral infection
and preventing infectious diseases. However, viruses have
developed various strategies for evading host immunity. In

this study, we found that progeny Ad5 can infect cells even
in the presence of nAb.

Ads cause acute infection as well as persistent or latent infec-
tion [32-34], implying that they are not completely cleared
by host immunity. We found that nAb did not completely
inhibit infection by progeny Ad5 despite being able to inhibit
infection by the virus when released into culture supernatant.
It has been reported that Ad2, which similarly belongs to
subgroup C as Ad5, requires approximately 50h to disrupt
the cell membrane, followed by its release from infected cells
for secondary infection [13]. In accordance, our results illus-
trated that culture supernatants contained infectious progeny
Ad5 starting 2 days after infection. Interestingly, infection by
progeny Ad5 occurred until 1day after infection, and there
was no difference in transgene expression levels at this time.
These findings suggested the existence of a novel mecha-
nism by which progeny Ad5 infects cells while evading nAb
responses, especially in the early phase of infection.

There are two major models of viral spread: cell-free transmis-
sion and cell-to-cell transmission. Other groups have reported
that Ad2 and influenza A virus move on the cell surface via
receptors [35, 36]. We found that progeny Ad5 spread to
CAR-positive cells, but not to CAR-negative cells, in the pres-
ence of nAb. Moreover, Ad5fiber itself can spread between
cells in a CAR-dependent manner, and it localizes to intercel-
lular space. Fiber protein is a homotrimer with three binding
sites for CAR [37], implying that it can simultaneously bind
multiple CARs. CAR, a 46kDa transmembrane glycopro-
tein, is composed of two extracellular immunoglobulin-like
domains (D1 and D2), one transmembrane domain, and one
cytoplasmic tail containing a PDZ domain. CAR localizes in
tight junctions in cells and homodimerizes through intracel-
lular and intercellular interactions [38, 39]. Therefore, it is
possible that progeny Ad5 spreads via cell-to-cell transmission
through binding between fiber proteins and CARs, thereby
sustaining the capacity of infection. Cell-to-cell transmission
of viruses such as HIV is known to be effective for evading
nAb responses [40] because one of the main roles of nAbD is
inhibiting the binding of viruses to the cell surface. Although
further investigation is needed to uncover the mechanism by
which progeny Ad5 infects cell in the presence of nAb, it is
considered that the binding of progeny Ad5 to the cell surface
before being recognized by nAb and its spread to nearby
cells without detachment from the cell surface permitted its
evasion of nAb.

Ad can cause severe disseminated infections in immuno-
compromised patients such as bone marrow or solid organ
transplant recipients. Controlling complications, including
infections, is important for successful transplantation.
However, there is no approved therapeutic agent for Ad infec-
tions. To date, it has been reported that ribavirin and cidofovir
treatment [41-44] and adoptive transfer of Ad-specific T
cells [45, 46] effectively prevented Ad infections in patients
following transplantation. Intravenous immunoglobulin
(IVIG) has been used to treat severe Ad infection in combina-
tion with ribavirin and cidofovir [47-49], but the therapeutic
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Fig. 4. The spread of the fiber protein of adenovirus serotype 5 (Ad5fiber) between cells in a coxsackievirus and adenovirus receptor
(CAR)-dependent manner. (a-c) GFP-expressing cells [a and b, HepG2; ¢, A549 (left), SF295 (middle), and CAR-expressing SF295
(right)] were co-cultured with the 293 T cells infected with adenovirus serotype 5 (Ad5) vectors or the Ad5fiber-expressing 293 cells
for 1day. The levels of Adb5fiber were determined via flow cytometry. The data from three independent experiments were presented as
representative dot plots. The percentages of Ad5fiber-positive cells among the GFP-expressing cells were shown as means +SD (error
bars) of three independent experiments (c, open columns, without infected cells; filled columns, with infected cells). (d) GFP-expressing
293T cells were co-cultured with Adbfiber-expressing 293cells for 2days. After treatment with fluorescently labelled antibodies,
the representative images of the cells were obtained using a confocal laser-scanning microscope equipped with a CCD camera. The
experiments were performed at least twice and obtained similar results. The mean fluorescence intensity of the Adbfiber-positive cells
among the GFP-positive cells was quantified using ImageJ. The data are shown as means + SD (error bars) of three independent images.
The bar represents 50 um. (e) The SF295 (open columns) and CAR-expressing SF295 cells (filled columns) were co-cultured with the
293T cells infected with Ad5 vectors for 40h in the presence of nAb and fixed with 4% paraformaldehyde. The levels of hexon proteins
were determined using Cell ELISA. The data are presented as the mean+SD (error bars; n=3, biological replicates). Statistical analysis
was conducted using the Student's t-test (a, b, and d) or two-way analysis of variance and the Student-Newman-Keuls post-hoc test (c,
e) (*P<0.05; ns, not significant).
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effects of IVIG itself are unclear [50]. Our results suggest that
the effect of IVIG is attenuated by progeny Ad in the presence
of nAb and that inhibition of this infection is an attractive
strategy for patients treated with IVIG. Therefore, under-
standing the mechanisms of infection by progeny Ad and the
evasion of nAb responses may both provide a new therapeutic
target and enhance the therapeutic effects of IVIG.

In summary, we revealed that progeny Ad5 can infect cells in
the presence of nAb, differing from the common features of
the Ad5 infection cycle. Furthermore, we found that Ad5fiber
on the cell surface spread to nearby cells in a CAR-dependent
manner, suggesting its involvement in the evasion of nAb
responses and delivery of Ad particles. Our findings may be
useful for developing treatments against Ad infection and
identifying novel strategies for evading host immunity.
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