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e transduction in the liver following
e systemic administration

Kyoko Tomital, Fuminori Sakurai'?, Shunsuke lizuka?, Masahisa Hemmi?,
Keisaku Wakabayashi', Mitsuhiro Machitani’3, Masashi Tachibana?, Kazufumi Katayama?,
Haruhiko Kamada®® & Hiroyuki Mizuguchi®:>¢

. Pre-existing anti-adenovirus (Ad) neutralizing antibodies (AdNAbs) are a major barrier in clinical gene

. therapy using Ad vectors and oncolytic Ads; however, it has not been fully elucidated which Ad capsid

: protein-specific antibodies are involved in AdNAb-mediated inhibition of Ad infection in vivo. In this
study, mice possessing antibodies specific for each Ad capsid protein were prepared by intramuscular

. electroporation of each Ad capsid protein-expressing plasmid. Ad vector-mediated hepatic transduction

. was efficiently inhibited by more than 100-fold in mice immunized with a fiber protein-expressing
plasmid or a penton base-expressing plasmid. An Ad vector pre-coated with FX before administration
mediated more than 100-fold lower transduction efficiencies in the liver of warfarinized mice

. immunized with a fiber protein-expressing plasmid or a penton base-expressing plasmid, compared

© with those in the liver of warfarinized non-immunized mice. These data suggest that anti-fiber protein

. and anti-penton base antibodies bind to an Ad vector even though FX has already bound to the hexon,
and inhibit Ad vector-mediated transduction. This study provides important clues for the development
of a novel Ad vector that can circumvent inhibition with AdNAbs.

Replication-incompetent adenovirus (Ad) vectors are widely used in not only gene therapy studies but also basic
research due to their many advantages as a gene delivery vehicle. In addition, recombinant oncolytic adenoviruses
(Ads), which efficiently replicate in a tumor cell-specific manner and induce tumor cell death, have gained much
attention as a novel antitumor agent. Clinical trials of immunotherapy using an Ad vector expressing foreign

. antigens and virotherapy using oncolytic Ads against various types of tumors have been ongoing worldwide, and

. have exhibited promising results'~.

: The most crucial concern of gene therapy and virotherapy using recombinant Ads is that pre-existing anti-Ad
neutralizing antibodies (AdNADbs) significantly inhibit infection with Ads following not only intravenous admin-
istration but also local administration>®. Fifty-seven human Ad serotypes have now been identified and classified
into 7 species’. Among these serotypes, the most commonly used recombinant Ads, including oncolytic Ads,
are based on Ad serotype 5 (Ad5). Previous studies reported the relatively high sero-prevalence of anti-Ad5
antibodies in adults due to natural infection®'!. Ad vector-mediated transduction is significantly suppressed
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in pre-immunized animals. Previous studies reported that AANAbs mainly recognize three major capsid pro-
teins: the hexon, fiber, and penton base proteins'*"'”. However, it has been highly controversial which Ad capsid
protein-specific antibodies are most efficiently produced following Ad infection and exhibit the most efficient
inhibition of Ad infection. Inhibitory effects of anti-hexon antibodies on Ad infection have been demonstrated
using chimeric Ads containing genetic mutation in the hexon gene'®-2°, while several studies have reported that
neutralizing antibodies in human sera and ascetic fluids were primarily directed against the fiber protein and
penton base protein'>*"?2, To resolve this question, it will be necessary to prepare experimental animals possess-
ing antibodies specific for each Ad capsid protein in order to individually and correctly evaluate the effects of
antibodies against each capsid protein on Ad vector-mediated in vivo transduction. Moreover, in previous studies,
inhibition of Ad infection by anti-Ad sera has often been analyzed by determining the in vitro transduction effi-
ciencies of Ad vectors in cultured cells in the presence of anti-Ad sera, and by evaluating the vaccination effects
following intramuscular administration of Ad vectors encoding foreign antigens in mice pre-immunized with
Ads!'?'*16_ Inhibitory effects of anti-Ad capsid protein antibodies on the hepatic transduction with an Ad vector
remain to be fully evaluated in spite of the efficient transduction in the liver. It is generally considered that the
inhibitory effects of the antibodies of each anti-Ad capsid protein differ according to the target cells and admin-
istration routes, and depend on which receptors Ad mainly utilizes for infection of target cells. Commonly used
Ads, such as human Ad5, infect cells mainly via three pathways—that is, interaction between Ad fiber protein
and coxsackievirus-adenovirus receptor (CAR) on the cell surface, interaction between the Arg-Gly-Asp (RGD)
motif on the penton base and av integrins, and interaction between blood coagulation factor X (FX) binding on
the hexon and heparan sulfate on the cell surface?. FX-dependent infection is more crucial for hepatic transduc-
tion with an Ad vector following systemic administration than the other pathways?!. However, it remains unclear
which infection pathway is inhibited by which capsid protein-specific antibodies.

In this study, in order to evaluate in detail the effects of the antibodies of each anti-Ad capsid protein on
Ad vector-mediated transduction in the liver, we prepared mice possessing sera of each anti-Ad capsid pro-
tein by immunization with a plasmid DNA encoding each Ad capsid protein. Ad vector-mediated transduc-
tion in the liver was significantly inhibited in the mice possessing anti-fiber antibodies or anti-penton base
antibodies, although anti-fiber protein sera more efficiently inhibited Ad vector-mediated transduction in the
liver than anti-penton base sera. In addition, anti-fiber sera inhibited fiber-dependent, penton base-dependent,
and FX-dependent transduction with an Ad vector in the cultured cells. Our data suggests that anti-fiber and
anti-penton base antibodies play a crucial role in the inhibition of Ad vector-mediated transduction in the liver.

Results

Induction of Ad capsid protein-specific antibodies in mice by plasmid DNA electroporation. In
order to prepare mice possessing antibodies against each major Ad capsid protein, plasmid DNAs expressing the
fiber (full-length fiber protein, fiber knob, and shaft-tail), hexon, or penton base protein were intramuscularly
administered, followed by electroporation. Mouse serum was then recovered 2 weeks after the final immuni-
zation, followed by an ELISA analysis. A conventional Ad vector containing no transgene expression cassette,
Ad-null, was intravenously administered to mice as a control to induce antibodies against various Ad capsid
proteins. In vitro transfection with major Ad capsid protein-expressing plasmids in HEK293 cells resulted in the
production of detectable levels of the corresponding major capsid proteins (Supplementary Fig. 1). An ELISA
analysis in which detergent-solubilized Ad proteins were immobilized on the plates demonstrated that the highest
titers were found for anti-penton base sera, followed by anti-fiber sera (Fig. 1A). The titers of anti-penton base and
anti-fiber sera were comparable to those of anti-Ad capsid protein sera obtained by immunization with Ad-null.
Although statistically significant differences were not found between naive sera, anti-hexon sera, and anti-fiber
shaft-tail sera, the averages of antibody titers of anti-fiber shaft-tail sera and anti-hexon sera were higher than
those of naive sera.

Next, to further examine whether anti-Ad capsid protein antibodies were produced by immunization with
an Ad capsid protein-expressing plasmid, a western blotting analysis using anti-Ad capsid protein sera was per-
formed. Major capsid proteins, including the hexon (about 108 kDa), penton base (about 68kDa), and fiber
(about 61kDa) protein, were efficiently detected by the sera of Ad-null-immunized mice, indicating that immu-
nization with Ad-null induced production of antibodies against the major capsid proteins (Fig. 1B). The corre-
sponding Ad capsid proteins were efficiently and specifically detected by the sera of mice immunized with each
Ad capsid protein-expressing plasmid. The bands corresponding to the minor capsid proteins VI, VIII, and IX
were not clearly detected when the serum samples of Ad-null-immunized mice were used, probably because the
titers of anti-minor capsid protein antibodies were lower than those of anti-major capsid protein antibodies.
Detectable bands were not found by non-immunized (naive) mouse serum. These results indicate that each of
the major Ad capsid protein-specific antibodies was specifically produced in the mice by immunization with the
respective Ad capsid protein-expressing plasmid via electroporation in the muscles.

Transduction efficiencies of an Ad vector in the liver of mice possessing anti-Ad capsid protein
sera following intravenous administration. Next, in order to examine the transduction efficiencies of
an Ad vector in the liver following systemic administration in mice possessing anti-Ad capsid protein sera, a
luciferase-expressing conventional Ad vector, Ad-L2, was intravenously administered to mice immunized with
each Ad capsid protein-expressing plasmid. Ad-L2-mediated luciferase expression in the liver was almost com-
pletely reduced to the background level in the mice immunized with Ad-null (Fig. 2A). Ad-L2 exhibited about
1000-fold and 500-fold lower transduction efficiencies in the livers of mice possessing anti-fiber and anti-penton
base sera, respectively, compared with those in the livers of non-immunized (naive) mice. Anti-fiber knob serum
also significantly inhibited the transduction efficiencies in the liver, although anti-fiber knob serum less effi-
ciently inhibited the hepatic transduction, compared with anti-full-length fiber serum. Anti-fiber shaft-tail and
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Figure 1. Analysis of Ad capsid protein-specific sera isolated from Ad capsid protein-expressing plasmid-
immunized mice. (A) ELISA analysis using Ad capsid protein-specific sera. Ad-null was solubilized by 0.1%
Triton X-100 and immobilized on a plate. Anti-Ad capsid protein sera were diluted and added to the well.

The gray shaded boxes indicate background levels. The data are expressed as the mean £S.D. (n=4). n.s.,

not significant, *p < 0.05, **p < 0.01, ***p < 0.001, compared with naive sera. (B) western blotting analysis
using Ad capsid protein-specific sera. Ad-null was denatured at 98 °C for 5min and loaded on SDS-PAGE gels
according to the manufacturer’s protocol. Western blot analysis was carried out using anti-Ad capsid protein
sera. Each image was captured under different exposure times. Representative images from three independent
experiments using different mouse serum batches are shown.

anti-hexon sera did not exhibit statistically significant reduction in the luciferase expression in the liver. These
data indicate that antibodies against the fiber and penton base proteins significantly inhibited Ad vector-mediated
transduction in the liver.

Liver accumulation of an Ad vector in the mice possessing anti-Ad capsid protein sera. Next,
in order to examine whether antibodies against each Ad capsid protein suppress the liver accumulation of an Ad
vector following intravenous administration, the copy numbers of Ad vector genome in the liver were evaluated
by real-time PCR analysis. The amounts of Ad vector genome were approximately 26-, 3-, and 10-fold reduced
in the livers of mice possessing anti-full-length fiber, anti-fiber knob, and anti-penton base sera, respectively
(Fig. 2B). Anti-hexon serum also significantly reduced the Ad vector genome copy numbers in the liver, although
the average Ad vector genome copy number in the liver of mice possessing anti-hexon serum was higher than
those in the liver of mice possessing anti-fiber and anti-penton base sera. These results indicate that anti-fiber and
anti-penton base antibodies efficiently inhibited the liver accumulation of an Ad vector, resulting in a reduction
in the hepatic transduction.

We also examined the Ad vector genome copy numbers in the liver and spleen of pre-immunized mice 30 min
after Ad vector administration to evaluate whether binding of anti-Ad capsid protein antibodies to Ad vectors
promotes the uptake of Ad vectors in liver Kupffer cells and/or spleen macrophages. We previously demonstrated
that Ad vector genome taken up by liver Kupfter cells could be detected by recovering the liver within 1h after
administration®. Comparable levels of Ad vector genome copy numbers were found in the liver and spleen of
naive mice and mice pre-immunized with Ad capsid protein-expressing plasmids (Supplementary Fig. 2). These
results suggested that binding of anti-Ad capsid protein antibodies to Ad vectors did not largely alter the Ad vec-
tor uptake in the phagocytic cells in the liver and spleen following administration.

Transduction with a fiber-substituted Ad vector containing Ad35 fiber protein was not inhib-
ited in mice immunized by an Ad5 fiber protein-expressing plasmid. In order to examine whether
anti-Ad5 fiber antibodies specifically inhibited the transduction with an Ad5 vector, we examined the trans-
duction efficiencies of a luciferase-expressing fiber-substituted Ad vector containing the fiber proteins of Ad35
(AdF35-L2)% in the liver of mice immunized with each Ad5 capsid protein-expressing plasmid. Transduction
efficiencies of AdF35-L2 were comparable in the livers of naive mice and mice possessing anti-Ad5 fiber and
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Figure 2. Inhibitory effects of anti-Ad capsid sera on Ad vector-mediated transduction in the liver following
intravenous administration in mice immunized with Ad capsid protein-expressing plasmids. (A) Transduction
efficiencies in the liver following intravenous administration of an Ad vector in the non-immunized and pre-
immunized mice. Mice were administered Ad-L2 at a dose of 1 x 10' VP/mouse. The liver was recovered

48 after administration, followed by luciferase assay. The gray area indicates the background luciferase
production levels. (B) Ad vector genome copy numbers in the liver following intravenous administration of
Ad-L2 in the non-immunized and pre-immunized mice. Mice were administered Ad-L2 as described above.
The copy numbers of Ad vector genome in the liver were measured 48 h after administration by real-time PCR
analysis. (C) Transduction efficiencies of AdF35-L2 in the liver following intravenous administration in mice
immunized with Ad capsid protein-expressing plasmids. AdF35-L2 was intravenously administered to mice.
Luciferase production levels in the liver were measured 48 h after administration. The data are expressed as the
mean £ S.D. (n=6). n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

anti-Ad5 hexon sera, while anti-Ad5 penton base serum significantly inhibited the transduction with AdF35-L2
in the liver by approximately 100-fold (Fig. 2C), probably because the penton base of AdF35-L2 is derived from
Ad5. These data indicate that anti-Ad5 fiber antibodies specifically inhibited transduction with an Ad vector
containing Ad5 fiber proteins.

Anti-fiber and anti-penton base sera inhibited FX-dependent transduction in cultured
cells. FX binds to the hexon hypervariable regions (HVRs) with high affinity following systemic adminis-
tration, resulting in efficient transduction in the hepatocytes®*!. In order to examine whether anti-fiber and
anti-penton base antibodies inhibited the FX-dependent transduction, CAR-negative LN444 cells were trans-
duced with Ad-L2 in the presence of human FX and mouse anti-Ad capsid protein sera. Addition of human
FX to the culture media significantly increased the transduction efficiencies of Ad-L2 by more than 150-fold in
LN444 cells (Supplementary Fig. 3), indicating that Ad-L2 efficiently transduced LN444 cells in an FX-dependent
manner in the presence of FX. As in the case of the transduction in the liver, anti-full-length fiber, anti-fiber
knob, and anti-penton base sera significantly reduced the transduction efficiencies by more than 50% in LN444
cells, compared with those in the presence of naive serum (Fig. 3). The most efficient inhibition was found for
anti-full-length fiber serum. Anti-fiber shaft-tail or anti-hexon sera did not show significant inhibition of the in
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Figure 3. In vitro transduction efficiencies of Ad-L2 in CAR-negative cells in the presence of FX and each of the
anti-Ad capsid protein sera. LN444 cells were transduced with Ad-L2 at 10000 VP/cell for 1.5h in the presence
of human FX and each anti-Ad capsid protein serum. Luciferase production levels in the cells were determined
24 h after transduction. The data are expressed as the mean+S.D. (n=4).

£ 1000

3

£ 100

20

é 10 * k%

= kkk

S 1

T n

B * k%

g o.01

-

5 0.001 T T T

= Naive Fiber Hexon Penton

base
Pre-immunized
Warfarin (+)

Figure 4. In vivo transduction efficiencies of FX-pre-coated Ad-L2 in the liver following intravenous
administration in warfarinized mice. Plasmid DNA-immunized and non-immunized mice were warfarinized
before administration of an Ad vector. Ad-L2 and FX were mixed and incubated for 30 min before
administration. FX-pre-coated Ad-L2 was intravenously administered to mice at a dose of 1 x 10! VP/mouse.
Luciferase production levels in the liver were determined 48 h after administration. The data are expressed as the
mean £+ S.D. (n=6). ***p <0.001.

vitro transduction in LN444 cells. These results indicated that anti-fiber and anti-penton base antibodies were able
to inhibit FX-dependent transduction with an Ad vector in cultured cells.

In order to examine whether FX pre-binding on the hexon disturbed the binding of anti-fiber protein
and anti-penton base antibodies to Ad vectors, Ad-L2 was pre-incubated with human FX before administra-
tion, and subsequently intravenously administered to warfarinized mice pre-immunized with the Ad capsid
protein-expressing plasmids. Mice were warfarinized in this experiment to avoid the binding of endogenous
mouse FX to Ad capsid proteins before binding of anti-Ad capsid protein antibodies to an Ad vector, and to exam-
ine whether anti-Ad capsid protein antibodies were able to access an Ad vector pre-coated with human FX?+?7.
The transduction efficiencies of Ad-L2 without pre-incubation with FX in the liver of normal mice and those of
Ad-L2 pre-incubated with FX in the liver of warfarinized mice were comparable (Figs 2A and 4). The previous
studies demonstrated that FX binds only to the hexon protein and not to the fiber or penton base proteins®*%. We
confirmed that FX bound to the Ad particle by a Biacore analysis, and to only the hexon protein by far-western
blotting analysis (data not shown). Ad-L2 pre-incubated with human FX mediated approximately 10000-fold
lower transduction efficiencies in the liver of mice pre-immunized with a fiber protein-expressing plasmid
than those in warfarinized mice without pre-immunization (Fig. 4). Anti-penton base serum also significantly
inhibited the transduction with Ad-L2 pre-incubated with FX in the liver of warfarinized mice. Statistically sig-
nificant reduction in the transduction efficiencies of Ad-L2 was induced by anti-hexon serum under this exper-
imental condition, although the average of transduction efficiencies in the liver of warfarinized mice possessing
anti-hexon antibodies were higher than those in the liver of warfarinized mice possessing anti-fiber antibodies.
These results indicated that anti-fiber protein and anti-penton base antibodies bound to an FX-coated Ad vector,
leading to the inhibition of hepatic transduction with an Ad vector.
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Figure 5. In vitro transduction efficiencies of Ad-L2 in CAR-positive cells by each of the anti-Ad capsid protein
sera. A549 cells were transduced with Ad-L2 at 500 VP/cell for 1.5h in the presence of each anti-Ad capsid
protein serum. Luciferase production levels in the cells were determined 24 h after transduction. The data are
expressed as the mean +S.D. (n=4).
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Figure 6. In vivo transduction efficiencies of Ad-L2 in the liver of warfarinized mice following intravenous
administration. Plasmid DNA-immunized and non-immunized mice were warfarinized before administration
of an Ad vector. Ad-L2 was intravenously administered to the mice at a dose of 1 x 10! VP/mouse. The liver
was recovered 48 h after administration, followed by luciferase assay. The gray area indicates the background
luciferase production levels. The data are expressed as the mean +S.D. (n=#6). n.s., not significant.

Anti-fiber and anti-penton base sera inhibited CAR-dependent and awv integrin-dependent
transduction. Several studies, including ours, have demonstrated that the ablation of both CAR- and av
integrin-binding from an Ad vector significantly reduced the transduction efficiencies in the liver, indicating that
CAR- and av integrin-binding are also involved in Ad vector-mediated transduction in the liver?®-!. In order
to examine whether anti-fiber and anti-penton base antibodies inhibit the CAR- and/or av integrin-dependent
transduction, CAR- and awv integrin-positive A549 cells were transduced with Ad-L2 in the presence of anti-Ad
capsid protein sera. Transduction efficiencies of Ad-L2 gradually decreased as the dilution factors of naive
serum increased, probably because mouse FX remaining in the serum samples of naive mice contributed to Ad
vector-mediated transduction in the cultured cells (Fig. 5). Transduction with Ad-L2 was significantly suppressed
in the presence of anti-full-length fiber, anti-fiber knob, and anti-penton base sera. On the other hand, no appar-
ent reduction in the transduction efficiencies was observed in the presence of anti-hexon serum, compared with
naive serum. These results suggested that CAR- and/or awv integrin-dependent transduction in cultured cells was
inhibited by anti-fiber and anti-penton base antibodies.

Next, in order to further examine the inhibitory effects of anti-fiber serum on CAR-dependent and av
integrin-dependent transduction in the liver, mice pre-immunized with Ad capsid protein-expressing plas-
mids were warfarinized, followed by intravenous administration of an Ad vector. An approximately 300-fold
reduction in the transduction efficiencies was found in the liver of warfarinized mice, compared with that of
non-warfarinized mice (Fig. 6), as previously reported®***. Anti-hexon serum failed to mediate statistically signif-
icant inhibition in the liver transduction in the warfarinized mice. Immunization with a fiber protein-expressing
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plasmid resulted in a significant reduction in the transduction efficiencies in the liver of warfarinized mice. These
results suggest that anti-fiber antibodies inhibited CAR- and/or aw integrin-dependent transduction in the liver.

Anti-fiber serum inhibited transduction with CAR-binding ablated and awv integrin-binding
ablated Ad vectors. We further examined the inhibitory effects of anti-Ad capsid protein antibodies on
CAR-dependent and aw integrin-dependent transduction by using CAR-binding ablated Ad vector (Ad/AF-12)*
and av integrin-binding ablated Ad vector (Ad/AP-L2)?. Ad/AF-L2 and Ad/AP-L2 possess genetic mutation
in the domain crucial for CAR-binding in the fiber knob and the RGD motif in the penton base, respectively. We
examined the transduction efficiencies of Ad/AF-L2 and Ad/AP-L2 in the presence of anti-fiber and anti-penton
base sera in A549 cells and the liver of pre-immunized mice. Transduction with Ad/AF-L2 was significantly
inhibited by more than 50% in the presence of anti-fiber and anti-penton base sera in A549 cells (Fig. 7A).
Transduction efficiencies of Ad/AF-L2 in the liver were also largely reduced in the mice pre-immunized with
fiber protein-expressing and penton base-expressing plasmids (Fig. 7B). Transduction with Ad/AF-L2 in cul-
tured cells is considered to be mainly mediated by interaction between the RGD motif in the penton base and av
integrins on the cells. These data suggest that not only anti-penton base antibodies but also anti-fiber antibodies
inhibited the transduction through the interaction between the penton base and av integrins.

Transduction efficiencies of Ad/AP-L2 in A549 cells were also significantly reduced in the presence of
anti-fiber serum, while Ad/AP-L2 mediated comparable levels of transduction efficiencies in the presence and
absence of anti-penton base serum (Fig. 7C). Ad/AP-L2 is considered to mediate transduction mainly via inter-
action between the fiber knob and CAR on the cell surface in cultured cells. These data suggest that anti-fiber anti-
bodies, not anti-penton base antibodies, disturbed the transduction via the interaction between the fiber knob
and CAR. The livers of mice pre-immunized with a fiber protein-expressing plasmid also exhibited a significant
reduction in the transduction efficiencies of Ad/AP-L2 (Fig. 7D). Although anti-penton base serum also signif-
icantly inhibited transduction with Ad/AP-L2 in the liver, anti-penton base serum less efficiently reduced the
transduction efficiencies of Ad/AP-L2 in the liver than anti-fiber serum. Anti-penton base antibodies produced
in mice by immunization with a penton base-expressing plasmid might have less efficiently recognized the penton
base of Ad/AP-L2 due to the genetic mutation in the penton base.

Discussion

The aim of this study was to reveal the effects of anti-Ad capsid protein antibodies on Ad vector-mediated trans-
duction in the liver. It has remained a subject of controversy which Ad capsid protein-specific antibodies play an
important role in the inhibition of Ad vector-mediated transduction, partly because experimental animals have
often been immunized with Ad whole virions, not individual Ad capsid proteins, in the previous studies'*!6,
Antibodies against almost all the Ad capsid proteins are produced in the animals immunized with Ad virions. It is
difficult to individually and correctly evaluate the effects of each anti-Ad capsid protein antibody when Ad virions
are used for immunization. In this study, mice were immunized with each Ad capsid protein-expressing plasmid
via intramuscular electroporation, resulting in efficient induction of each anti-Ad capsid protein antibody.

Ad vector-mediated transduction in the liver was efficiently inhibited in the mice possessing anti-fiber serum
(Fig. 2). Anti-fiber serum also inhibited FX-dependent in vitro transduction in CAR-negative cells (Fig. 3). In
addition, anti-fiber serum significantly inhibited liver transduction with an FX-pre-coated Ad vector in warfa-
rinized mice (Fig. 4). These findings suggest that anti-fiber antibodies bind to the fiber protein even though FX
has already bound to the hexon, and inhibit interaction between FX and heparan sulfate on the cell surface. The
molecular weights of FX, fiber protein, and IgG are 48 kDa, 61 kDa, and 150kDa, respectively. Anti-fiber antibod-
ies would inhibit the interaction between FX and heparan sulfate via steric hindrance. Generally, binding of anti-
bodies to virus promotes Fc receptor-mediated uptake in liver Kupfter cells and spleen macrophages, but the copy
numbers of Ad vector genome in the liver and spleen of mice pre-immunized with Ad capsid protein-expressing
plasmids and naive mice were comparable 30 min after administration (Supplementary Fig. 2). In addition, as
described above, in vitro transduction in CAR-negative cells in the presence of FX showed that anti-fiber pro-
tein antibodies significantly inhibited the FX-dependent transduction with an Ad vector in the cells (Fig. 3).
The significant reduction in the transduction efficiencies in the liver of mice pre-immunized with the fiber
protein-expressing plasmid would not be solely due to anti-fiber antibody-mediated enhancement of Ad vector
uptake in the liver Kupffer cells and spleen macrophages.

Waddington ef al. demonstrated that the KD value of FX-Ad interaction was approximately 1.8 x 107> M%,
although the KD value of antigen-antibody interaction is generally reported as 1078-10710 M3+%, These data
indicated that the affinity of FX-Ad interaction was comparable to that of antigen-antibody interaction and that
FX-Ad interaction was stable in the blood. Recently, Harmon et al. reported that human FX inhibits the neutral-
ization of Ad5 vectors by human serum®, suggesting that FX binding to the hexon would prevent anti-hexon
antibody-mediated neutralization.

In addition to the interaction between FX on the hexon and heparan sulfate on the cell surface, binding of
fiber knob to CAR and RGD motif in the penton base to av integrins are also involved in Ad vector-mediated in
vivo transduction in the liver. Ablation of both CAR- and aw integrin-binding in Ad vectors significantly reduced
the transduction efficiencies in the liver following intravenous administration®*. This study demonstrated that
anti-fiber serum significantly inhibited the in vitro transduction with Ad/AF-L2 and Ad/AP-L2 in CAR-positive
A549 cells (Fig. 7). In addition, transduction efficiencies in the liver were also reduced in the warfarinized mice
pre-immunized with a fiber protein-expressing plasmid (Fig. 6). These results indicate that both CAR-dependent
and av integrin-dependent transductions are inhibited by anti-fiber antibodies.

Anti-penton base serum also efficiently inhibited the transduction in the liver (Fig. 2). FX-dependent in vitro
transduction in CAR-negative cells was inhibited by anti-penton base serum (Fig. 3). These results indicate that
anti-penton base antibodies inhibit FX-dependent transduction in the liver following systemic administration.
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Figure 7. Anti-Ad capsid protein serum-mediated inhibition of transduction efficiencies of Ad/AF-L2 and Ad/
AP-L2. (A,C) In vitro transduction efficiencies of Ad/AF-L2 and Ad/AP-L2 in A549 cells in the presence of
each of the anti-Ad capsid protein sera. A549 cells were transduced with Ad-L2 at 500 VP/cell for 1.5h in the
presence of each anti-Ad capsid protein serum. Luciferase production levels in the cells were determined 24 h
after transduction. The data are expressed as the mean £ S.D. (n=4). (B,D) In vivo transduction efficiencies

of Ad/AF-L2 and Ad/AP-L2 in the liver of pre-immunized mice following intravenous administration. Ad-12
was administered to the pre-immunized mice at a dose of 1 x 10'° VP/mouse. The liver was recovered 48 h

after administration, followed by luciferase assay. The gray area indicates the background luciferase production
levels. The data are expressed as the mean =+ S.D. (n=6). *p < 0.05, **p < 0.01, ***p < 0.001.

In addition, anti-penton base serum inhibited av integrin-dependent transduction in cultured cells (Fig. 7A).
However, overall, the inhibitory effects of anti-penton base serum on Ad vector-mediated transduction seemed
less efficient, compared with those of anti-fiber serum, despite the fact that the antibody titers of anti-penton base
sera were higher than those of anti-fiber sera in an ELISA analysis (Fig. 1A). CAR-dependent transduction was
not disturbed by anti-penton base serum (Fig. 7C). Anti-fiber antibodies thus appear to play a more important
role in AANAb-mediated inhibition of transduction with an Ad vector than anti-penton base antibodies.

The findings in this study provide important clues for modification of Ad vectors to circumvent the inhibition
of Ad vector-mediated transduction by AANAbs. Genetic modification of fiber proteins and penton base makes
it possible to escape from inhibition by AdNAbs. Various types of Ad vectors containing fiber proteins derived
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from other serotype Ads have been developed mainly for re-targeting to CAR-negative cells*®*"-%. Several studies
have demonstrated that inhibition by AANADbs can be partially bypassed by fiber substitution'>**#!, although
we should exercise caution in regard to potential cross-reactivities of anti-fiber antibodies with fiber proteins of
different Ad serotypes.

One major concern about immunization with an Ad capsid protein-expressing plasmid is that the profiles of
anti-Ad capsid protein antibodies, including epitopes and immunoglobulin classes, differ among natural infection
with Ads, immunization with Ad virions, and immunization with an Ad capsid protein-expressing plasmid. A
previous study demonstrated that anti-fiber antibodies were mainly induced following natural infection, whereas
antibodies primarily directed to capsid proteins other than fiber proteins were elicited following Ad vector vacci-
nation via intramuscular administration in clinical trials*>. Perhaps epitopes of anti-fiber antibodies induced by a
fiber protein-expressing plasmid in this study might be different from those following natural infection with Ads;
however, fiber protein was efficiently detected by the anti-fiber serum induced by intramuscular administration
of a fiber-expressing plasmid in an ELISA analysis (Fig. 1A), suggesting that the anti-fiber antibodies induced by
a fiber-expressing plasmid recognized the native form of fiber protein. Further analysis will be needed to reveal
the differences in the profiles of AANADs following natural infection and immunization with recombinant Ads
and plasmids.

Previous studies reported that anti-hexon antibodies were efficiently induced following Ad infection and con-
tributed to inhibition of Ad vector-mediated transduction by AdNAbs!*!¢. Genetic mutation of hypervariable
regions (HVRs) in the hexon made it possible to circumvent the inhibitory effects of AANADbs following intra-
muscular administration in mice!*!*33, HVRs contain major neutralizing determinants. In addition, interac-
tion between FX on the hexon and heparan sulfate on the hepatocytes is considered to play a crucial role in Ad
vector-mediated transduction in the liver®?**. FX mainly binds to the hypervariable region (HVR)5 in the hexon’.
These findings led us to hypothesize at the beginning of this study that Ad vector-mediated transduction in
the liver would be most efficiently inhibited by anti-hexon antibodies. However, significant inhibition of liver
transduction with an Ad vector was not found in mice immunized with a hexon-expressing plasmid. It thus
remains to be clarified why Ad vector-mediated transduction in the liver was not suppressed in mice possessing
anti-hexon serum in this study. In the previous studies showing that anti-hexon antibodies mainly contributed
to the inhibition of Ad vector-mediated transduction'®-2’, the titers of anti-hexon antibodies may have been
much higher than those in this study. In this study, a clear band corresponding to hexon protein was detected by
anti-hexon sera in the western blotting analysis (Fig. 1B), indicating that anti-hexon antibodies were produced
by immunization with a hexon-expressing plasmid; however, statistically significant differences in anti-Ad capsid
protein antibody titers were not found between anti-hexon sera and naive sera in the ELISA analysis (Fig. 1A). In
addition, the titers of anti-hexon antibodies were lower than those of anti-fiber and anti-penton base antibodies.
Otherwise, as described above, the epitopes of anti-hexon antibodies may differ greatly between immunization
with a hexon-expressing plasmid and immunization with Ad virions.

A hexon-expressing plasmid was used for induction of anti-hexon antibodies in this study. We confirmed
the hexon protein production following transfection in HEK293 cells (Supplementary Fig. 1). A previous study
reported that detectable levels of hexon protein were not found by western blotting analysis following transfection
with a hexon-expressing plasmid alone in cells of the monkey kidney fibroblast line COS-7, but hexon protein was
efficiently produced when the virus-encoded 100K protein was co-expressed®’. Hexon trimer assembly required
co-expression of the virus-encoded 100K protein*%. The differences in the hexon expression levels between this
study and the previous study were probably due to the differences in the experimental conditions, including
the transfection reagents, cell lines, plasmid vectors, and sensitivities of chemiluminescence in western blotting
analysis.

In summary, we evaluated the inhibitory effects of anti-Ad capsid sera on hepatic transduction with an Ad
vector following systemic administration using mice immunized with an Ad capsid protein-expressing plasmid.
Anti-fiber and anti-penton base sera significantly inhibited the transduction in the liver. These findings provide
important clues for development of a novel Ad vector and oncolytic Ad that can circumvent inhibition by anti-Ad
neutralizing antibodies.

Materials and Methods

Cell culture.  A549 cells (a human lung adenocarcinoma epithelial cell line), HEK293 cells (a human embry-
onic kidney cell line), and LN444 cells (a human glioma cell line) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Wako Pure Chemical Industries, Osaka, Japan) supplemented with 10% fetal bovine serum
(FBS) and antibiotics.

Plasmids and Ad vectors. A plasmid DNA expressing each Ad5 capsid protein was constructed as follows.
First, a fragment encoding major Ad capsid proteins was amplified by PCR and cloned into the multicloning
sites of pCMV-SL3*. The penton base, shaft, and knob protein were FLAG-tagged. An Ad vector containing no
transgene expression cassette (Ad-null) was previously constructed®. A luciferase-expressing conventional Ad
vector, Ad-L2, a fiber-substituted luciferase-expressing Ad vector containing the fiber protein of Ad serotype 35
(Ad35), AdF35-L2, and CAR binding-ablated and awv integrin binding-ablated Ad vectors expressing luciferase,
Ad/AF-L2 and Ad/AP-L2, respectively, were previously constructed?****”. Determination of the virus particle
(VP) titers was accomplished spectrophotometrically by the method of Maizel et al.*’.

Immunization with Ad capsid protein-expressing plasmids and an Ad vector. C57BL/6] mice
(6-8 weeks-old, female) were purchased from Japan SLC (Hamamatsu, Japan). Mice were intramuscularly immu-
nized twice with a plasmid DNA expressing each Ad capsid protein in the right and left quadriceps muscles (50
pg per muscle; total 100 pg per mouse) at 0 and 4 weeks by in vivo electroporation (e.p.) as previously described*.
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For immunization of mice with an Ad vector, mice were intravascularly administered Ad-null at a dose of 1 x 101
VP/mouse via the tail vein. The production of antibodies against each Ad capsid protein in the serum was evalu-
ated at 6 weeks after the first immunization (see below). Pre-immunized mice were used for transduction exper-
iments 6 weeks after the first immunization. All procedures involving animals and their care were approved by
the Institutional Animal Care and Use Committees of National Institute of Biomedical Innovation, Health and
Nutrition.

Western blotting analysis. Serum samples were collected from mice by retro-orbital bleeding. Ad protein
samples were prepared by incubation of 1 x 10!° VP of Ad-null with sample buffer (250 mM Tris-HCI pH 6.8,
30% 2-mercaptoethanol, 10% sodium dodecyl sulfate (SDS), 20% glycerol) and denatured at 98 °C for 5min. Ad
protein samples were then electrophoresed on 12.5% SDS-polyacrylamide gels (Wako Pure Chemical Industries)
according to the manufacturer’s protocol, followed by electrotransfer to PVDF membranes (Millipore, Bedford,
MA). After blocking with Immunoblock (DS Pharma, Osaka, Japan), the membrane was incubated with mouse
sera, followed by incubation in the presence of horseradish peroxidase (HRP)-labeled anti-mouse IgG antibody
(Cell Signaling Technology, Danvers, MA). Dilution factors of mouse sera were 1:100-1000. Protein bands of
the membrane were visualized with a chemiluminescence kit (Chemi-Lumi One Super; Nacalai Tesque, Kyoto,
Japan).

ELISA analysis of anti-Ad capsid protein antibodies. ELISA analysis of anti-Ad capsid protein sera
was performed as previously described®. Briefly, Ad capsid proteins were solubilized by vortexing of Ad-null in
the presence of 0.1% triton-X solution for 10 min. Solubilized Ad capsid proteins were immobilized on a 96-well
plate at a density of 5 x 10° VP/well after 100-fold dilution by carbonate buffer. Anti-Ad capsid protein sera
were 400-fold diluted by PBST containing Immunoblock, and were added to the well, followed by a 2-h incu-
bation at 37 °C. The plates were then washed with PBST and incubated with biotin-labeled goat anti-mouse IgG
antibody (SouthernBiotech, Birmingham, AL) for a 2-h incubation at 37 °C. After washing, streptavidin-HRP
(SouthernBiotech) was added to the well, followed by a 1-h incubation at room temperature. Finally, TMB ELISA
Peroxidase Substrate (Rockland Immunochemicals, Gilbertsville, PA) was added. The reaction was stopped by
the addition of 0.5 mol/l HCI, and absorbance was read at 450 nm on a TriStar LB941 multimode reader (Berthold
Technologies, Bad Wildbad, Germany).

Ad vector-mediated transduction in mice. Mice were intravenously administered Ad-L2 at a dose of
1 x 10" VP/mouse, or AdF35-Luc at a dose of 5 x 10" VP/mouse, via the tail vein. Two days following adminis-
tration, the livers were recovered and homogenated as previously described™. Luciferase production levels were
determined using a luciferase assay system (PicaGene 5500; Toyo Inki Co., Tokyo, Japan). For warfarinization of
mice, mice were subcutaneously injected with warfarin (Cayman Chemical, Ann Arbor, MI) dissolved in 100 uL
of peanut oil at a dose of 133 pg per mouse 3 days and 1 day prior to i.v. injection of Ad vectors. As a control,
100 pL of peanut oil was injected. Ad-L2 (1 x 10'° VP/mouse) were mixed with human FX (10 pg/mouse) and
incubated at room temperature for 30 min before administration, and then the mixture was intravenously admin-
istered to mice via the tail vein. Luciferase production levels in the liver were determined 48 h after Ad vector
administration as described above.

Real-Time PCR analysis of Ad vector genome copy numbers. Total DNA, including the Ad vector
genome, was isolated from the liver by an automatic nucleic acid isolation system (NA-2000; Kurabo Industries,
Osaka, Japan) 48 h after administration of Ad vectors. The copy numbers of Ad genomic DNA in the liver were
quantified with the TagMan fluorogenic detection system (StepOnePlus™ Real Time PCR System; Applied
Biosystems, Foster City, CA) as previously described'.

Ad vector-mediated transduction in cultured cells. Inhibitory effects of antibodies against each Ad
capsid protein in the serum on transduction in cultured cells were performed as follows. Briefly, cells were seeded
on a 96-well plate at 1 x 10* cells/well. On the following day, mouse anti-Ad capsid protein sera were serially
diluted, and added to each well. Naive mouse serum was used as a control. Mouse anti-Ad capsid protein sera
were not pooled. The mouse serum isolated from each mouse was separately tested in each dilution series. Cells
were then transduced with Ad-L2 at 500 VP/cell for 1.5 h. The final dilution factors of mouse anti-Ad capsid pro-
tein sera were from 1/400 to 1/3200. After a 24 h-incubation, luciferase production was determined using a lucif-
erase assay system (PicaGene LT2.0; Toyo Inki Co.). For evaluation of transduction efficiencies in CAR-negative
cells in the presence of human FX, LN444 cells were seeded on a 96-well plate at 1 x 10* cells/well. On the follow-
ing day, human FX at a final concentration of 2 ug/mL and mouse anti-Ad capsid protein sera were added to each
well as described. Cells were transduced with Ad-L2 at 10000 VP/cell for 1.5h. After a 24-h incubation, luciferase
production was determined using a luciferase assay system. In the experiments using Ad/AF-L2 and Ad/AP-L2,
A549 cells were transduced with Ad/AF-L2 at 3000 VP/cell or Ad/AP-L2 at 500 VP/cell. Luciferase production
was determined as described above.

Statistical analysis. Statistical significance was determined using one-way Anova followed by Dunnett test.
Data are presented as the mean +S.D.

References
1. Dolzhikova, I. V. et al. Safety and immunogenicity of GamEvac-Combi, a heterologous VSV- and Ad5-vectored Ebola vaccine: An
open phase I/II trial in healthy adults in Russia. Hum Vaccin Immunother 13, 613-620, https://doi.org/10.1080/21645515.2016.123
8535 (2017).

SCIENTIFICREPORTS| (2018) 8:12315 | DOI:10.1038/s41598-018-30947-z 10


http://dx.doi.org/10.1080/21645515.2016.1238535
http://dx.doi.org/10.1080/21645515.2016.1238535

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Rampling, T. et al. Safety and High Level Efficacy of the Combination Malaria Vaccine Regimen of RTS,S/AS01B With Chimpanzee

Adenovirus 63 and Modified Vaccinia Ankara Vectored Vaccines Expressing ME-TRAP. ] Infect Dis 214, 772-781, https://doi.
org/10.1093/infdis/jiw244 (2016).

. Bramante, S. et al. Serotype chimeric oncolytic adenovirus coding for GM-CSF for treatment of sarcoma in rodents and humans. Int

J Cancer 135, 720-730, https://doi.org/10.1002/ijc.28696 (2014).

. Balint, J. P. et al. Extended evaluation of a phase 1/2 trial on dosing, safety, immunogenicity, and overall survival after immunizations

with an advanced-generation Ad5 [E1-, E2b-]-CEA(6D) vaccine in late-stage colorectal cancer. Cancer Immunol Immunother 64,
977-987, https://doi.org/10.1007/s00262-015-1706-4 (2015).

. Tsai, V. et al. Impact of human neutralizing antibodies on antitumor efficacy of an oncolytic adenovirus in a murine model. Clin

Cancer Res 10, 7199-7206, https://doi.org/10.1158/1078-0432.CCR-04-0765 (2004).

. Vlachaki, M. T. et al. Impact of preimmunization on adenoviral vector expression and toxicity in a subcutaneous mouse cancer

model. Mol Ther 6, 342-348 (2002).

. Walsh, M. P. et al. Computational analysis of two species C human adenoviruses provides evidence of a novel virus. ] Clin Microbiol

49, 3482-3490, https://doi.org/10.1128/JCM.00156-11 (2011).

. Bradley, R. R, Lynch, D. M., lampietro, M. J., Borducchi, E. N. & Barouch, D. H. Adenovirus serotype 5 neutralizing antibodies

target both hexon and fiber following vaccination and natural infection. J Virol 86, 625-629, https://doi.org/10.1128/JV1.06254-11
(2012).

. Alba, R. et al. Identification of coagulation factor (F)X binding sites on the adenovirus serotype 5 hexon: effect of mutagenesis on FX

interactions and gene transfer. Blood 114, 965-971, https://doi.org/10.1182/blood-2009-03-208835 (2009).

Pilankatta, R., Chawla, T., Khanna, N. & Swaminathan, S. The prevalence of antibodies to adenovirus serotype 5 in an adult Indian
population and implications for adenovirus vector vaccines. ] Med Virol 82, 407-414, https://doi.org/10.1002/jmv.21721 (2010).
Sun, C. et al. Epidemiology of adenovirus type 5 neutralizing antibodies in healthy people and AIDS patients in Guangzhou,
southern China. Vaccine 29, 3837-3841 (2011).

Yu, B. et al. Characteristics of neutralizing antibodies to adenovirus capsid proteins in human and animal sera. Virology 437,
118-123 (2013).

Bruder, J. T. et al. Modification of Ad5 hexon hypervariable regions circumvents pre-existing Ad5 neutralizing antibodies and
induces protective immune responses. PLoS One 7, €33920 (2012).

Sumida, S. M. et al. Neutralizing antibodies to adenovirus serotype 5 vaccine vectors are directed primarily against the adenovirus
hexon protein. J Immunol 174, 7179-7185 (2005).

Parker, A. L. et al. Effect of neutralizing sera on factor x-mediated adenovirus serotype 5 gene transfer. J Virol 83, 479-483, https://
doi.org/10.1128/JV1.01878-08 (2009).

Bradley, R. R. et al. Adenovirus serotype 5-specific neutralizing antibodies target multiple hexon hypervariable regions. J Virol 86,
1267-1272, https://doi.org/10.1128/JV1.06165-11 (2012).

Hong, S. S., Habib, N. A, Franqueville, L., Jensen, S. & Boulanger, P. A. Identification of adenovirus (ad) penton base neutralizing
epitopes by use of sera from patients who had received conditionally replicative ad (add11520) for treatment of liver tumors. J Virol
77, 10366-10375 (2003).

Roberts, D. M. et al. Hexon-chimaeric adenovirus serotype 5 vectors circumvent pre-existing anti-vector immunity. Nature 441,
239-243 (2006).

Shiratsuchi, T., Rai, U,, Krause, A., Worgall, S. & Tsuji, M. Replacing adenoviral vector HVR1 with a malaria B cell epitope improves
immunogenicity and circumvents preexisting immunity to adenovirus in mice. J Clin Invest 120, 3688-3701, https://doi.
org/10.1172/JCI39812 (2010).

Gall, J. G., Crystal, R. G. & Falck-Pedersen, E. Construction and characterization of hexon-chimeric adenoviruses: specification of
adenovirus serotype. J Virol 72, 10260-10264 (1998).

Stallwood, Y., Fisher, K. D., Gallimore, P. H. & Mautner, V. Neutralisation of adenovirus infectivity by ascitic fluid from ovarian
cancer patients. Gene Ther 7, 637-643, https://doi.org/10.1038/sj.gt.3301152 (2000).

Gahery-Segard, H. et al. Immune response to recombinant capsid proteins of adenovirus in humans: antifiber and anti-penton base
antibodies have a synergistic effect on neutralizing activity. J Virol 72, 2388-2397 (1998).

Parker, A. L., Nicklin, S. A. & Baker, A. H. Interactions of adenovirus vectors with blood: implications for intravascular gene therapy
applications. Curr Opin Mol Ther 10, 439-448 (2008).

Waddington, S. N. et al. Adenovirus serotype 5 hexon mediates liver gene transfer. Cell 132, 397-409, https://doi.org/10.1016/j.
cell.2008.01.016 (2008).

Sakurai, F,, Mizuguchi, H., Yamaguchi, T. & Hayakawa, T. Characterization of in vitro and in vivo gene transfer properties of
adenovirus serotype 35 vector. Mol Ther 8, 813-821 (2003).

Mizuguchi, H. & Hayakawa, T. Adenovirus vectors containing chimeric type 5 and type 35 fiber proteins exhibit altered and
expanded tropism and increase the size limit of foreign genes. Gene 285, 69-77 (2002).

Matsui, H. et al. A hexon-specific PEGylated adenovirus vector utilizing blood coagulation factor X. Biomaterials 33, 3743-3755,
https://doi.org/10.1016/j.biomaterials.2012.02.011 (2012).

Mizuguchi, H. et al. CAR- or alphav integrin-binding ablated adenovirus vectors, but not fiber-modified vectors containing RGD
peptide, do not change the systemic gene transfer properties in mice. Gene Ther 9, 769-776, https://doi.org/10.1038/sj.gt.3301701
(2002).

Koizumi, N. et al. Reduction of natural adenovirus tropism to mouse liver by fiber-shaft exchange in combination with both CAR-
and alphav integrin-binding ablation. J Virol 77, 13062-13072 (2003).

Einfeld, D. A. et al. Reducing the native tropism of adenovirus vectors requires removal of both CAR and integrin interactions. J
Virol 75, 11284-11291, https://doi.org/10.1128/JV1.75.23.11284-11291.2001 (2001).

Martin, K. et al. Simultaneous CAR- and alpha V integrin-binding ablation fails to reduce Ad5 liver tropism. Mol Ther 8, 485-494
(2003).

Kalyuzhniy, O. et al. Adenovirus serotype 5 hexon is critical for virus infection of hepatocytes in vivo. Proc Natl Acad Sci USA 105,
5483-5488, https://doi.org/10.1073/pnas.0711757105 (2008).

Roy, S., Shirley, P. S., McClelland, A. & Kaleko, M. Circumvention of immunity to the adenovirus major coat protein hexon. J Virol
72, 6875-6879 (1998).

Sikarwar, B. et al. Surface plasmon resonance characterization of monoclonal and polyclonal antibodies of malaria for biosensor
applications. Biosens Bioelectron 60, 201-209, https://doi.org/10.1016/j.bi0s.2014.04.025 (2014).

Athmaram, T. N. et al. Characterization of pandemic influenza A (HIN1) virus hemagglutinin specific polyclonal antibodies for
biosensor applications. ] Med Virol 86, 363-371, https://doi.org/10.1002/jmv.23753 (2014).

Harmon, A. W,, Moitra, R., Xu, Z. & Byrnes, A. P. Hexons from adenovirus serotypes 5 and 48 differentially protect adenovirus
vectors from neutralization by mouse and human serum. PLoS One 13, 0192353, https://doi.org/10.1371/journal.pone.0192353
(2018).

Mizuguchi, H. et al. A simplified system for constructing recombinant adenoviral vectors containing heterologous peptides in the
HIloop of their fiber knob. Gene Ther 8, 730-735, https://doi.org/10.1038/sj.gt.3301453 (2001).

Coughlan, L. et al. In vivo retargeting of adenovirus type 5 to alphavbeta6 integrin results in reduced hepatotoxicity and improved
tumor uptake following systemic delivery. J Virol 83, 6416-6428, https://doi.org/10.1128/JV1.00445-09 (2009).

SCIENTIFICREPORTS| (2018) 8:12315 | DOI:10.1038/s41598-018-30947-z 11


http://dx.doi.org/10.1093/infdis/jiw244
http://dx.doi.org/10.1093/infdis/jiw244
http://dx.doi.org/10.1002/ijc.28696
http://dx.doi.org/10.1007/s00262-015-1706-4
http://dx.doi.org/10.1158/1078-0432.CCR-04-0765
http://dx.doi.org/10.1128/JCM.00156-11
http://dx.doi.org/10.1128/JVI.06254-11
http://dx.doi.org/10.1182/blood-2009-03-208835
http://dx.doi.org/10.1002/jmv.21721
http://dx.doi.org/10.1128/JVI.01878-08
http://dx.doi.org/10.1128/JVI.01878-08
http://dx.doi.org/10.1128/JVI.06165-11
http://dx.doi.org/10.1172/JCI39812
http://dx.doi.org/10.1172/JCI39812
http://dx.doi.org/10.1038/sj.gt.3301152
http://dx.doi.org/10.1016/j.cell.2008.01.016
http://dx.doi.org/10.1016/j.cell.2008.01.016
http://dx.doi.org/10.1016/j.biomaterials.2012.02.011
http://dx.doi.org/10.1038/sj.gt.3301701
http://dx.doi.org/10.1128/JVI.75.23.11284-11291.2001
http://dx.doi.org/10.1073/pnas.0711757105
http://dx.doi.org/10.1016/j.bios.2014.04.025
http://dx.doi.org/10.1002/jmv.23753
http://dx.doi.org/10.1371/journal.pone.0192353
http://dx.doi.org/10.1038/sj.gt.3301453
http://dx.doi.org/10.1128/JVI.00445-09

www.nature.com/scientificreports/

39. Bouri, K. et al. Polylysine modification of adenoviral fiber protein enhances muscle cell transduction. Hum Gene Ther 10, 1633-1640,
https://doi.org/10.1089/10430349950017635 (1999).

40. Raki, M. et al. Switching the fiber knob of oncolytic adenoviruses to avoid neutralizing antibodies in human cancer patients. ] Gene
Med 13, 253-261, https://doi.org/10.1002/jgm.1565 (2011).

41. Sarkioja, M. et al. Changing the adenovirus fiber for retaining gene delivery efficacy in the presence of neutralizing antibodies. Gene
Ther 15, 921-929, https://doi.org/10.1038/gt.2008.56 (2008).

42. Cheng, C. et al. Differential specificity and immunogenicity of adenovirus type 5 neutralizing antibodies elicited by natural infection
or immunization. J Virol 84, 630-638, https://doi.org/10.1128/JVI1.00866-09 (2010).

43. Wodrich, H. et al. Switch from capsid protein import to adenovirus assembly by cleavage of nuclear transport signals. EMBO ] 22,
6245-6255, https://doi.org/10.1093/emboj/cdg614 (2003).

44. Cepko, C. L. & Sharp, P. A. Assembly of adenovirus major capsid protein is mediated by a nonvirion protein. Cell 31, 407-415
(1982).

45. Mizuguchi, H. & Kay, M. A. A simple method for constructing E1- and E1/E4-deleted recombinant adenoviral vectors. Hum Gene
Ther 10, 2013-2017, https://doi.org/10.1089/10430349950017374 (1999).

46. Sakurai, H. et al. Adenoviral expression of suppressor of cytokine signaling-1 reduces adenovirus vector-induced innate immune
responses. ] Immunol 180, 4931-4938 (2008).

47. Maizel, J. V., White, D. O. & Scharff, M. D. The polypeptides of adenovirus: I. Evidence for multiple protein components in the virion
and a comparison of types 2, 7A, and 12. Virology 36, 115-125 (1968).

48. Shoji, M. et al. Intramuscular DNA immunization with in vivo electroporation induces antigen-specific cellular and humoral
immune responses in both systemic and gut-mucosal compartments. Vaccine 30, 7278-7285 (2012).

49. Shimizu, K. et al. Suppression of leaky expression of adenovirus genes by insertion of microRNA-targeted sequences in the
replication-incompetent adenovirus vector genome. Mol Ther Methods Clin Dev 1, 14035, https://doi.org/10.1038/mtm.2014.35
(2014).

50. Mizuguchi, H. & Hayakawa, T. Enhanced antitumor effect and reduced vector dissemination with fiber-modified adenovirus vectors
expressing herpes simplex virus thymidine kinase. Cancer Gene Ther 9, 236-242, https://doi.org/10.1038/sj.cgt.7700440 (2002).

51. Koizumi, N. et al. Modified adenoviral vectors ablated for coxsackievirus-adenovirus receptor, alphav integrin, and heparan sulfate
binding reduce in vivo tissue transduction and toxicity. Hum Gene Ther 17, 264-279, https://doi.org/10.1089/hum.2006.17.264
(2006).

Author Contributions

K. Tomita, F. Sakurai, S. lizuka, M. Machitani, M. Hemmi, K. Wakabayashi, M. Tachibana, K. Katayama, and
H. Kamada performed the experiments and analyzed the data. K. Tomita, F. Sakurai, and K. Katayama, and H.
Mizuguchi designed the study. K. Tomita, E. Sakurai, and H. Mizuguchi wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30947-z.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12315 | DOI:10.1038/s41598-018-30947-z 12


http://dx.doi.org/10.1089/10430349950017635
http://dx.doi.org/10.1002/jgm.1565
http://dx.doi.org/10.1038/gt.2008.56
http://dx.doi.org/10.1128/JVI.00866-09
http://dx.doi.org/10.1093/emboj/cdg614
http://dx.doi.org/10.1089/10430349950017374
http://dx.doi.org/10.1038/mtm.2014.35
http://dx.doi.org/10.1038/sj.cgt.7700440
http://dx.doi.org/10.1089/hum.2006.17.264
http://dx.doi.org/10.1038/s41598-018-30947-z
http://creativecommons.org/licenses/by/4.0/

	Antibodies against adenovirus fiber and penton base proteins inhibit adenovirus vector-mediated transduction in the liver f ...
	Results

	Induction of Ad capsid protein-specific antibodies in mice by plasmid DNA electroporation. 
	Transduction efficiencies of an Ad vector in the liver of mice possessing anti-Ad capsid protein sera following intravenous ...
	Liver accumulation of an Ad vector in the mice possessing anti-Ad capsid protein sera. 
	Transduction with a fiber-substituted Ad vector containing Ad35 fiber protein was not inhibited in mice immunized by an Ad5 ...
	Anti-fiber and anti-penton base sera inhibited FX-dependent transduction in cultured cells. 
	Anti-fiber and anti-penton base sera inhibited CAR-dependent and αv integrin-dependent transduction. 
	Anti-fiber serum inhibited transduction with CAR-binding ablated and αv integrin-binding ablated Ad vectors. 

	Discussion

	Materials and Methods

	Cell culture. 
	Plasmids and Ad vectors. 
	Immunization with Ad capsid protein-expressing plasmids and an Ad vector. 
	Western blotting analysis. 
	ELISA analysis of anti-Ad capsid protein antibodies. 
	Ad vector-mediated transduction in mice. 
	Real-Time PCR analysis of Ad vector genome copy numbers. 
	Ad vector-mediated transduction in cultured cells. 
	Statistical analysis. 

	Figure 1 Analysis of Ad capsid protein-specific sera isolated from Ad capsid protein-expressing plasmid-immunized mice.
	Figure 2 Inhibitory effects of anti-Ad capsid sera on Ad vector-mediated transduction in the liver following intravenous administration in mice immunized with Ad capsid protein-expressing plasmids.
	Figure 3 In vitro transduction efficiencies of Ad-L2 in CAR-negative cells in the presence of FX and each of the anti-Ad capsid protein sera.
	Figure 4 In vivo transduction efficiencies of FX-pre-coated Ad-L2 in the liver following intravenous administration in warfarinized mice.
	Figure 5 In vitro transduction efficiencies of Ad-L2 in CAR-positive cells by each of the anti-Ad capsid protein sera.
	Figure 6 In vivo transduction efficiencies of Ad-L2 in the liver of warfarinized mice following intravenous administration.
	Figure 7 Anti-Ad capsid protein serum-mediated inhibition of transduction efficiencies of Ad/ΔF-L2 and Ad/ΔP-L2.




