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We have recently reported that annexin (Anx) A3 expression is necessary for hepatocyte growth in cultured
rat hepatocytes seeded at half the subconfluent density on collagen. In the present study, we investigated the ef-
fects of various regulatory factors of hepatocyte growth on AnxA3 expression. AnxA3 expression was signifi-
cantly reduced in hepatocytes cultured under various growth inhibitory conditions such as presence of dexa-
methasone, culture at subconfluent cell density, and on EHS-Matrigel and lactose-carrying styrene polymer. On
the other hand, hepatocyte growth factor and epidermal growth factor, stimulators of hepatocyte growth, signifi-
cantly increased AnxA3 expression in hepatocytes cultured on EHS-Matrigel. These results show close correla-
tion between known stimulatory or inhibitory actions of various factors to hepatocyte growth and increase or de-
crease in AnxA3 expression, and suggest the involvement of AnxA3 in their regulation of hepatocyte growth.

Key words

Annexin (Anx) A3, also called “lipocortin 3” or “placental
anticoagulant protein 3" (PAP-III),"” is a member of the
lipocortin/Anx family, which binds to phospholipids and
membranes in a Ca’*-dependent manner.>”) AnxA3 has been
shown to have anticoagulant and anti-phospholipase A; prop-
erties in vitro*) and to promote the Ca’*-dependent aggrega-
tion of isolated specific granules from human neutrophils.”
However, physiological functions have been completely un-
known.® AnxA3 has been detected in lung, spleen, placenta,
and adrenal medulla, but not in liver and isolated hepato-
cytes.”—')

We have recently reported that AnxA3 is expressed in cul-
tured rat hepatocytes and that inhibition of AnxA3 expres-
sion by RNA interference results in a significant inhibition of
hepatocyte growth.'” This evidence indicates that AnxA3
acts as a positive regulator on hepatocyte growth in cultured
hepatocytes. In relation to our report, it is noteworthy that he-
patocytes placed under culture conditions acquire a growth
potential characterized by enhancement of hepatocyte growth
dependent on several growth factors,”*~'% whereas adult he-
patocytes are normally quiescent in vivo.'®'” The correlation
between AnxA3 expression and growth potential of hepato-
cytes described above suggests that AnxA3 is one of the fac-
tors necessary for hepatocytes placed under culture to ac-
quire growth potential.

On the other hand, hepatocyte growth is regulated in cul-
tured hepatocytes by various other factors including cell den-

o 19—21)
sity,'"” humoral factors such as dexamethasone (Dex),
hepatocyte growth factor (HGF) and epidermal growth factor
(EGF),' and cellular substratum such as EHS-Matrigel™”
and lactose-carrying styrene polymer (PVLA).> In relation
to our report, the question of whether regulation of hepato-
cyte growth by these factors could be mediated by concurrent
change in AnxA3 expression seemed interesting; however, it
remained to be elucidated whether these factors cause change
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in AnxA3 expression.

In the present study, we investigated the effects of various
regulators of hepatocyte growth on the AnxA3 expression to
examine the involvement of AnxA3 in their regulation of he-
patocyte growth.

MATERIALS AND METHODS

Materials Recombinant human hepatocyte growth fac-
tor (HGF) was purchased from R&D Systems, Inc. (Min-
neapolis, MN, US.A.). Mouse epidermal growth factor
(EGF) was purchased from Wako Pure Chemical, Ltd.
(Osaka, Japan). Porcine dermal collagen type 1 (collagen)
was purchased from Koken Co. (Tokyo, Japan). Lactose-car-
rying styrene polymer (PVLA) was purchased from Seika-
gaku Corp. (Tokyo, Japan). Dishes (10cm) precoated with
Matrigel were purchased from BD Biosciences (Bedford,
MA, US.A.). Rabbit anti-human AnxA3 serum was a gift
from Dr. E Russo-Marie and Dr. C. Ragueness-Nicol. Rabbit
anti-rat albumin 1gG and rabbit anti-rat fB-actin IgG were
purchased from Cappel (Aurora, Ohio, U.S.A.) and Biole-
gend, Inc. (San Diego, CA, U.S.A.), respectively.

Cell Isolation and Monolayer Cultures Parenchymal
hepatocytes were isolated from adult male Wistar rats weigh-
ing 180—200 g, by in situ perfusion of the liver with collage-
nase.” All animal care and procedure protocols were ap-
proved by the institutional animal care committee. The cells
were then suspended at a density of 2.5X10°cells/ml or
5.0%10° cells/ml in Williams medium E (WE) containing 5%
fetal bovine serum, 1 nm insulin and 1 gg/ml aprotinin, and
cultured at a density of 0.5%10° cells/cm?® or 1.0X10° cells/
¢cm” in a 10-cm dish precoated with 0.03% collagen. Alterna-
tively, the cells were then suspended at a density of 2.5
10° cells/ml in WE containing 1 nm insulin and 1 ug/ml apro-
tinin and cultured at a density of 0.5X 10° cells/cm’ in a 10-

© 2006 Pharmaceutical Society of Japan



1340

cm dish precoated with Matrigel or a 10-em dish precoated
with 100 ug/ml PVLA. The cells were cultured in a humidi-
fied chamber at 37°C in 5% CO, and 30% O, in air. After
2.5h of culture, the medium was replaced with a serum- and
hormone-free medium containing aprotinin (1 ug/ml), and
then various humoral factors to be tested were added and the
cells were further cultured for 1d. After 1d culture, the
medium was replaced as described above, and then the hu-
moral factors were again added and the cells were further
cultured for 1 d.

Western Blot Analysis Cell lysates were prepared from
the cells 2d after the start of culture by modification of a
method previously described.”” The cells were washed twice
with Sml of phosphate-buffered saline and then once with
5ml of buffer A (50mm Tris-HCI [pH 7.5], 150 mm NaCl,
and 10 mm EDTA). The cells were then harvested after the
addition of 20 ul of buffer A. The cells were suspended,
shaken for 15 min at room temperature, and sonicated four
times for 155 each time while in an ice bath after the addi-
tion of 1/5 [v/v] of 5Xbuffer A containing 2.5% Triton
X-100 and 1/100 [v/v] of a protease inhibitor cocktail
(SIGMA). After centrifugation at 100000Xg, an equal
amount of cytosolic protein in each experiment was sub-
jected to SDS-PAGE on a 10% gel and electroblotted to a
PVDF membrane (GVHP; Millipore). After blocking the
membrane with 5% skimmed milk, a Western blot analysis
was performed using rabbit anti-human AnxA3 antibody
serum at a dilution of 1:21000, rabbit anti-rat albumin IgG
at a dilution of 1:80000, or rabbit anti-rat f-actin IgG at a
dilution of 1:500. Detection was performed using an ECL
detection system (Amersham Bioscience). We used albumin
or B-actin as a housekeeping protein based on the results of
the preliminary studies. The intensity of each band was
measured over a proportional range in the experiments. A
computer assisted-analyzer was used to quantitatively ana-
lyze the intensity, and the intensity of each AnxA3 band was
normalized to the intensity of the housekeeping protein.

Total RNA Extraction and Real-Time Quantitative
PCR  Total RNA was extracted from the cells 1d after the
start of culture using Trizol reagent (Invitrogen) in accor-
dance with the manufacturer’s protocol. An equal amount of
RNA (approximately 1 gg) in each experiment was reverse-
transcribed using a THERMOSCRIPT™ RT-PCR System
(Invitrogen) and oligo(dT),, at a final volume of 40 ul in ac-
cordance with the manufacturer’s protocol, and then diluted
two-fold with ultrapure water. Subsequently, 2 ul of cDNA
was used as a template for real-time PCR analysis in a Light-
Cycler system (Rosche), in accordance with the manufac-
ture’s instructions. For AnxA3 and albumin, the PCR pro-
gram consisted of 40 cycles of 10s at 94°C, 10s at 60 °C,
and 12s at 72 °C. For 188 rRNA, the PCR program consisted
of 40 cycles of 10s at 94°C, 105 at 60°C, and 20s at 72 °C.
The sequences of AnxA3-specific primers were 5'-CAA-
ATTCACCGAGATCCTGT-3' and 5'-TGCTGGAGTGCTG-
TACGAAA-3",'¥ those of the albumin-specific primers were
5'-AAGGCACCCCGATTACTCCG-3' and 5'-TGCGAAGT-
CACCCATCACCG-3'* and those of 188 rRNA-specific
primers were 5'-CCAGAGCGAAAGCATTTGCCA-3" and
5'-GGCATCACAGACCTGTTATTGCTC-3'. The 185 rRNA
PCR product specificity was confirmed by DNA sequencing
using an ABI Prism 377 Sequencer (Applied Biosystems,
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Foster City, CA, US.A.). To confirm amplification speci-
ficity, the PCR products from each primer pair were sub-
jected to melting curve analyses. We used albumin or 18S
rRNA as a housekeeping gene based on the results of the pre-
liminary studies. And the AnxA3 levels were normalized to
the levels of the housekeeping gene.

RESULTS

Effects of Dex and HGF on AnxA3 Expression by He-
patocytes Cultured on Collagen We investigated the ef-
fect of Dex and HGF on AnxA3 expression by hepatocytes
cultured on collagen. Dex (100 nm) suppressed the increase
of AnxA3 protein level during culture by approximately 80%
(Fig. 1). On the other hand, HGF (20 ng/ml) had no effect on
the AnxA3 protein level (Fig. 1). Dex (100 nm) suppressed
the increase of AnxA3 mRNA level by approximately 80%
(Fig. 2).
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Fig. 1. Effects of Dex and HGF on AnxA3 Protein Level by Hepatocytes
Cultured on Collagen

(A) The data shown are representative of the Western blot analysis results. Approxi-
mately 7.5 ug of protein was used for the detection of AnxA3 and f-actin. (B) The re-
sults are shown relative to the value produced by hepatocytes cultured at the cell den-
sity of 0.5x%10"cells/em? on collagen in the absence of humoral factors, shown as
None. The data are expressed as the mean*S.D. of 3 experiments. * p<0.01, compared
with the value of None
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Fig. 2. Effects of Dex on AnxA3 mRNA Level by Hepatocytes Cultured
on Collagen

The AnxA3 levels were normalized to the levels of a housekeeping gene, albumin.
The data are expressed as the mean=S.D. of 3 experiments. The results are shown rela-
tive to the value produced by hepatocytes cultured at the cell density of 0.5x10°
cells/cm® on collagen in the absence of humoral factors, shown as None. *» p<(,08,
compared with the value of None.
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Fig. 3. AnxA3 Protein Level by Hepatocytes Cultured on Collagen at
High Density

(A) The data shown are representative of the Western blot analysis results. Approxi-
mately 30.0 and 7.5 ug of protein were used for the detection of AnxA3 and albumin,
respectively. (B) The results are shown relative to the value produced by hepatocytes
cultured at the cell density of 0.5X10° cells/cm? on collagen. The data are expressed as
the mean=S.D. of 3 experiments. * p<<0.01, compared with the value by hepatocyles
cultured at the cell density of 0.5% 10° cells/em? on collogen.
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Fig. 4. AnxA3 mRNA Level by Hepatocytes Cultured on Collagen at
High Density

The AnxA3 levels were normalized to the levels of a housekeeping gene, albumin.
The data are expressed as the mean*S.D. of 3 experiments. The results are shown
relative lo the value produced by hepatocytes cultured at the cell density of 0.5%10°
cellsicm? on collagen. =* p<<0.05, compared with the valuc by hepatocytes cultured at
the cell density of 0.5 10° cells/em? on collagen.

Effect of Cell Density on AnxA3 Expression by Hepato-
cytes Cultured on Collagen We investigated the effect of
cell density on AnxA3 expression by hepatocytes cultured on
collagen. AnxA3 protein and mRNA levels produced by the
hepatocytes seeded at subconfluent cell density (1 10° cells/
cm?) were approximately 70% and 50% lower than those by
the hepatocytes seeded at half of subconfluent cell density
(0.5%10° cells/cm?), respectively (Figs. 3, 4).

AnxA3 Expression by Hepatocytes Cultured on EHS-
Matrigel and PVLA We investigated AnxA3 expression
by hepatocytes cultured on EHS-Matrigel and PVLA, and
compared the expression with that by hepatocytes cultured
on collagen. AnxA3 protein was not detected in hepatocytes
cultured on EHS-Matrigel (Fig. 5). And AnxA3 protein level
produced by hepatocyies cultured on PVLA was approxi-
mately 70% lower than that by hepatocytes cultured on colla-
gen (Fig. 5). mRNA levels produced by hepatocytes cultured

1341
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ANxA3 | e =L Jaas
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PP

Fig. 5. AnxA3 Protein Level by Hepatocytes Cultured on EHS-Matrigel
and PVLA

(A) The data shown are representative of the Western blot analysis results. Approxi-
mately 20.0 and 10.0 ug of protein were used for the detection of AnxA3 and albumin,
respectively. (B) The results are shown relative 10 the value produced by hepatocytes
cultured at the cell density of 0.5X 10° cells/em? on collagen. The data are expressed as
the mean=S.D. of 3 experiments. * p<<0.01, compared with the value by hepatocytes
cultured at the cell density of 0.5 10° cells/em® on collagen. N.D.: not detected.
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Fig. 6. AnxA3 mRNA Level by Hepatocytes Cultured on EHS-Matrigel

and PVLA

The AnxAj3 levels were normalized to the levels of a housekeeping gene, albumin
The data are expressed as the mean=S.D. of 3 experiments. The results are shown
relative to the value produced by hepatocytes cultured at the cell density of 0.5X
10° cells/cm’® on collagen. =p<<0.01, ** p<<0.05, compared with the value by hepato-
cytes cultured at the cell density of 0.5x 10° cells/em’ on collagen.

on EHS-Matrigel and PVLA were approximately 80% and
40% lower than that by hepatocytes cultured on collagen, re-
spectively (Fig. 6).

Effect of HGF and EGF on AnxA3 Expression by He-
patocytes Cultured on EHS-Matrigel We investigated the
effect of HGF and EGF on AnxA3 expression by hepatocytes
cultured on EHS-Matrigel. HGF and EGF significantly in- -
creased AnxA3 protein level, from an initially undetectable
level (Fig. 7). This result suggests that the failure of increase
of AnxA3 protein level by HGF, as shown in Fig. 1, is due to
maximal stimulation of AnxA3 expression in hepatocytes
cultured on collagen. In relation to these findings, it is seen
that the stimulation of AnxA3 expression in hepatocytes cul-
tured on collagen is not due the stimulation of HGF synthe-
sis, because hepatocytes do not synthesize HGF*” HGF and
EGF also increased AnxA3 mRNA levels by approximately
3.2-fold and 2.5-fold (Fig. 8), respectively.
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Fig. 7. Effects of HGF and EGF on AnxA3 Protein Level by Hepatocytes
Cultured on EHS-Matrigel

(A) The data shown are representative of the Western blot analysis results. Approxi-
mately 10.0 ug of protein was used for the detection of AnxA3 and albumin. (B) The
value produced by hepatocytes cultured at the cell density of 0.5%10*cells/cm® on
EHS-Matrigel in the absence of humoral factors is shown as None. The results are
shown relative to the value by hepatocytes cultured at the cell density of 0.5 10° cells/
cm’ on EHS-Matrigel in the presence of HGF. The data are expressed as the mean*
S.D. of 3 experiments.
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Fig. 8. Effects of HGF and EGF on AnxA3 mRNA Level by Hepatocytes
Cultured on EHS-Matrigel

The AnxA3 levels were normalized 10 the levels of 2 housekeeping gene, 18S rRNA
The data are expressed as the mean*5.D. of 3 experiments. The value produced by he-
patocyles cultured at the cell density of 0.5% 10° cells/cm® on EHS-Matrigel in the ab-
sence of humoral factors is shown as None. The results are shown relative to the value
by hepatocytes cultured at the cell density of 0.5 10° cells/em?® on EHS-Matrigel in the
absence of humoral factors. * p<<0.01, ** p<<0.05, compared with the value by hepato-
cytes cultured at the cell density of 0.5%10° cells/em?® on EHS-Matrigel in the absence
of humoral factors.

DISCUSSION

In the present study, we showed that AnxA3 expression 1s
changed by various factors of hepatocyte growth. These fac-
tors can be classified as stimulators and inhibitors of hepato-
cyte growth. EGF and HGF are typical stimulators of hepato-
cyte growth in cultured hepatocytes.'® Other factors belong
to the inhibitors group, as follows: Dex suppresses hepato-
cyte growth in cultured hepatocytes.'*?" Hepatocytes cul-
tured at high density show lower levels of hepatocyte growth
compared with those cultured at low density.'® Hepatocytes
cultured on EHS-Matrigel*” and PVLA?” show extremely
low levels of hepatocyte growth compared with those cul-

Vol. 29, No. *

tured on collagen and plastic dishes. From the present find-
ings it is evident that AnxA3 expression is increased and de-
creased in concurrent with enhancement and suppression o:
hepatocyte growth by growth stimulatory and inhibitory fac-
tors, respectively. The close correlation between known ac-
tions of various stimulators and inhibitors on hepatocyte
growth and change in AnxA3 expression is consistent witk
our recent finding that AnxA3 acts as a positive regulator of
hepatocyte growth in cultured hepatocytes.'? In addition, we
discovered that enhanced expression of AnxA3 was observec
in the proliferative hepatocytes after carbon tetrachloride-in-
duced rat liver damage and 70% partial hepatectomy (unpub-
lished observation). This may lead to speculation that regula-
tion of AnxA3 expression by these factors may be involved
in their regulation of hepatocyte growth.

The most marked observation in the present study seems
to be that AnxA3 protein is not detected in hepatocytes cul-
tured on EHS-Matrigel (Fig. 5). Interestingly, hepatocytes
cultured on EHS-Matrigel show small round-shaped mor-
phology compared with those cultured on the collagen, re-
sembling those in vivo,” whereas hepatocytes cultured on
the collagen were uniformly spread flat. This evidence sug-
gests that AnxA3 expression is dramatically reduced in cul-
tured hepatocytes that show round-shaped morphology. This
possibility may be supported by the finding that inverse cor-
relation between DNA synthesis and roundness of hepato-
cytes is observed in cultured hepatocytes showing various
morphologies from round shape to flat shape by coating
dishes with different concentrations of PVLA.?* Although
hepatocytes cultured on PVLA also show small round-
shaped morphology,”” reduction of AnxA3 protein under this
condition 1s not so marked compared with that using EHS-
Matrigel (Fig. 5). Careful microscopic examination showed
that morphology of hepatocytes cultured on EHS-Matrigel is
smaller and rounder compared with that of hepatocytes cul-
tured on PVLA (data not shown).

There are many reports showing that various factors regu-
late expression of other Anxs. For example, Dex and other
glucocorticoids stimulate AnxAl expression in vitro® %
and in vivo,” =% in contrast to the present finding. This in-
consistency suggests that the mode of regulation by gluco-
corticoids differs among species of Anxs, tissues, and cells.
HGF and EGF stimulate expression of AnxAl, AnxA2,
AnxAS, and AnxA6 in primary cultured rat hepatocytes.*”
Interleukin-6** and 12-O-tetradecanoylphorbor pB-acetate®
stimulate AnxA1 expression in A549 cells and cultured as-
trocytes, respectively.

In conclusion, the present study shows a close correlation
between the known actions of various factors to hepatocyte
growth and change in AnxA3 expression, and suggests that
the changes in AnxA3 expression associated with these fac-
tors could be involved in their regulation of hepatocyte
growth.
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Fiber-Modified Adenovirus Vectors Decrease Liver Toxicity
through Reduced IL-6 Production’

Naoya Koizumi,*" Tomoko Yamaguchi,* Kenji Kawabata,* Fuminori Sakurai,*
Tomomi Sasaki,* Yoshiteru Watanabe," Takao Hayakawa,* and Hiroyuki Mizuguchi®*¥

Adenovirus (Ad) vectors are one of the most commonly used viral vectors in gene therapy clinical trials. However, they elicit a
robust innate immune response and inflammatory responses. Improvement of the therapeutic index of Ad vector gene therapy
requires elucidation of the mechanism of Ad vector-induced inflammation and cytokine/chemokine production as well as devel-
opment of the safer vector. In the present study, we found that the fiber-modified Ad vector containing poly-lysine peptides in the
fiber knob showed much lower serum IL-6 and aspartate aminotransferase levels (as a maker of liver toxicity) than the conven-
tional Ad vector after i.v. administration, although the modified Ad vector showed higher transgene production in the liver than
the conventional Ad vector. RT-PCR analysis showed that spleen, not liver, is the major site of cytokine, chemokine, and IFN
expression. Splenic CD11c* cells were found to secret cytokines. The tissue distribution of Ad vector DNA showed that spleen
distribution was much reduced in this modified Ad vector, reflecting reduced IL-6 levels in serum. Liver toxicity by the conven-
tional Ad vector was reduced by anti-IL-6R Ab, suggesting that IL-6 signaling is involved in liver toxicity and that decreased liver
toxicity of the modified Ad vector was due in part to the reduced IL-6 production. This study contributes to an understanding of
the biological mechanism in innate immune host responses and liver toxicity toward systemically administered Ad vectors and will
help in designing safer gene therapy methods that can reduce robust innate immunity and inflammatory responses. The Journal

of Immunology, 2007, 178: 1767-1773.

ecombinant adenovirus (Ad)* vectors are widely used for
R gene therapy experiments and clinical gene therapy trials.

One of the limitations of Ad vector-mediated gene trans-
fer is the immune response after systemic administration of the Ad
vector (1, 2). The immune response to the Ad vector and Ad vector-
transduced cells dramatically affects the kinetics of the Ad vector-
delivered genes and the gene products. The potent immunogenic tox-
icities and conseguent short-lived transgene expression of Ad vectors
are undesirable properties if Ad vectors are to be more broadly ap-
plied. The immunogenic toxicities associated with the use of Ad vec-
tors involve both innate and adaptive immune responses.

In the first generation Ad vector lacking the E/ gene, leaky expres-
sion of viral genes from the vector stimulates an immune response
against the Ad vector-transduced cells (3-5). The CTL response can
be elicited against viral gene products and/or transgene products ex-
pressed by transduced cells. The molecular mechanism of this toxicity

*Laboratory of Gene Transfer and Regulation, National [nstitute of Biomedical In-
novation. Osaka, Japan: *Department of Pharmaceutics and Biopharmaccutics, Showa
Pharnaceutical University. Tokyo. Japan: *Phormaccuticals and Medical Devices
Agency, Tokyo. Japan; ond *Graduate School of Phanuaceutical Sciences, Osaka
University, Osaka. Japan

Received for publication August 29, 2006. Accepted for publication November
10. 2006.

The costs of publication of this article were defrayed in part by the payment of page
cbarges. This articic must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by grants from the Ministry of Health, Labor. and Welfare
of Japan.

2 Address correspondence and reprint requests 1o Dr. Hiroyuki Mizuguchi. Laboratory
of Gene Transfer and Regulation. National Institute of Biomedical Innovation. Asagi
7.6-8. Saito, Ibaraki, Osaka 567-0085, Japan. E-mail address: mizuguch @nibio.go.jp

? Abbreviations used in this paper: Ad. adenovirus: AST. aspartaie aininotransferase;
CAR. coxsackicvirus and Ad reccptor: DC, dendritic cell: HSG. heparan sulfate gly-
cosaminoglycan: PEG. polycthylene giyeol; VP, virus particle.

Copyright © 2007 by The American Association of Immunalogists, Inc. 0022-17670732.00

www.jiminunol,org

has been studied extensively, and the helper-dependent (gutted) Ad
vector, which deletes all of the viral protein-coding sequences, has
been developed to overcome this limitation (6—8). The humoral virus-
neutralizing Ab responses against the Ad capsid itself are another
limitation, preventing transgene expression upon the subsequent ad-
ministration of vectors of the same serotype. Because hexons are
mainly targeted by neutralizing Abs, hexon modification has been
reported to allow for escape from neutralizing Abs (9). The Ad vec-
tors belonging to types of the subgroup other than Ad type 5, includ-
ing an Ad type 11- or 35-based vector, or to species other than human
have also been developed (10-13).

Regarding the innate immune response, shortly after systemic in-
jection of the Ad vector cytokines/chemokines are produced and an
inflammatory response occurs in response to the Ad vector and Ad
vector-rransduced cells. [t has been reported that activated Kupffer
cells (and monocytes and resident macrophages) and dendritic cells
(DC) release proinflammitory cytokines/chemokines such as IL-6,
TNF-a, IP-10, and RANTES, causing the activation of an innate im-
mune response (14, 15). NF-«B activation is likely to play a central
role in inflammatory cytokine/chemokine production (16, 17). Al-
though many papers regarding the innate immune response to the Ad
vector have been published thus far, the biclogical mechanism has not
been clearly elucidated. Even the cell types responsible for the innate
immune response have not been identified. Understanding the mech-
anism of and identifying the cell types responsible for the innate im-
mune response and liver inflammation are crucial to the construction
of new vectors that are safer and efficiently transduce target tissue.
Madification of the Ad vector with polyethylene glycol (PEG) re-
duces the innate immune response and also prolongs persistence in the
blood and circumvents neutralization of the Ad vectors by Abs (18-
21). We have previously reported that the mutant Ad vector ablating
coxsackievirus and Ad receptor (CAR) (the first receptor) binding, a,
integrin (the secondary receptor) binding, and heparan sulfate glycos-
aminoglycan (HSG) (the third receptor) binding reduced (or blunted)
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liver toxicity and IL-6 production (22). However, these two Ad vec-
tors mediate significantly lower tissue transduction due to steric hin-
drance by PEG chains and a loss of binding activity to the receptor,
respectively (20-22). Ap Ad vector showing efficient transduction
and reduced innate immune response has not yet been developed.

In the present study, we elucidate the molecular mechanism of
the innate immune response by the Ad vector and characterize the
safer Ad vector, which reduces the innate immune response and
liver toxicity. We found that the fiber-modified Ad vector contain-
ing a stretch of lysine residues (K7 (KKKKKKK) peptide) (23-25)
that target heparan sulfates on the cellular surface greatly reduced
IL-6 and liver toxicity after i.v. injection into mice compared with
the conventional Ad vector. IL-6 and the other immune cytokines,
chemokines, and IFNs were mainly produced from the spleen and
especially from conventional DC (CD11c*B220~ cells), not the
liver. The spleen distribution of the K7-modified Ad vector was
reduced compared with the conventional Ad vector. The K7-mod-
ified Ad vector decreased the liver toxicity (aspartate aminotrans-
ferase (AST) levels), at least in part due to the reduced serum IL-6
levels. Importantly, this K7-modified Ad vector maintained high
transduction efficiency in vivo and showed somewhat higher trans-
gene production in the liver than a conventional Ad vector.

Materials and Methods

Ad vector

Two luciferase-expressing Ad vectors, Ad-L2 and AdK7-L2, have been
constructed previously (25, 26). The CMV promoter-driven luciferase gene
derived from the pGL3-Control was inserted into the E] deletion region of
the Ad genome. Ad-L2 contains wild-type fiber. whereas AdK7-L2 con-
tains the polylysine peptide KKKKKKK in the C-terminal of the fiber knob
(25). Viruses (Ad-L2 and AdK7-L2) were prepared as described previously
(25) and purified by CsCl, step gradient ultracentrifugation. Determination
of virps particle titers was accomplished spectrophotometrically by the
method of Maizel et al. (27).

Ad-mediated transduction in vive

Ad-L2 or AdK7-L2 were i.v. administered to CS7BL6 mice (1.0 X 10'° virus
particles (VP)) (6-wk-old males obtained from Nippon SLC). Forty-eight
hours later. the heart, lung, liver, kidney, and spleen were isolated and homo-
genated as previously described (28). Luciferase production was determined
using a luciferase assay system (PicaGene 5500; Toyo Inki). Protein content
was measured with a Bio-Rad assay kit using BSA as a standard.

The amounts of Ad genomic DNA in the each organ were guantified
with the TagMan fluorogenic detection system (ABI Prism 7700 sequence
detector: PerkinElmer Applied Biosystems). Samples were prepared
with DNA templates isolated from each organ (25 ng) by an automatic
nucleic acid isolation system (NA-2000; Kurabo Industries). The
amounts of Ad DNA were quantified with the TagMan fluorogenic de-
tection system (PerkinElmer Applied Biosystems) as described in our
previous report (22).

To analyze the involvement of 1L-6 signaling in liver toxicity in response to
Ad vector administration, 100 ug per mouse of an anti-IL-6R Ab (clone
D7715A7; BioLegend) that specifically blocks IL-6 signaling was i.p. admin-
istered to CS7BL6 mice 1.5 h before Ad-L2 administration (3.0 X 10'° VP).
Rabbit IgG (clone R3-34; BD Biosciences) was administered as a control.
Serum samples and liver tissue were collected 48 h later, and AST levels in the
serum and luciferase production in the liver were determined.

Liver serum enzymes and cytokine levels after systemic
administration

Blood samples were collected by the inferior vena cave at the indicated
times (3 or 48 h) after i.v. administration of Ad-L2 or AdK7-L2 (3.0 x
10" and 1.0 % 10" VP, respectively). [L-6 and IL-12 levels in serum
samples collected at 3 h after Ad injection were measured by an ELISA kit
(BioSource International). The levels of AST in serum samples collected at
24 and 48 h were measured with the Transaminase-ClI kit (Wako Pure
Chemical). Forty-eight hours after the Ad vector injection. the mice were
killed and their livers were collected. The liver was washed, fixed in 10%
formalin, and embedded in paraffin. After sectioning. the tissue was dew-
axed in ethanol, rehydrated, and stained with H&E. This process was com-
missioned to the Applied Medical Research Laboratory (Osaka, Japan).

FIBER-MODIFIED Ad VECTORS DECREASE LIVER TOXICITY
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FIGURE 1. Luciferase production and biodistribution of viral DNA af-
ter the i.v. adminisration of Ad-L2 or AdK7-L2 into mice. Ad-L2 or
AdK7-L2 (1.0 % 10'° VP) was i.v. injected into the mice. Forty-eight hours
later, the heart. lung, liver, kidney. and spleen were harvested, and lucil-
erase production (A) and Ad vector DNA (B) in each organ were measured
by a luciferase assay system or the quantitative TagMan PCR assay. re-
spectively. All data represent the means * SD of 4-6 mice.

Cytokines and chemokines mRNA levels in tissue after systemic
administration

Total tissue RNA samples were isolated by the reagent ISOGEN (Wako
Pure Chemical) 3 h after the i.v. administration of Ad-L2 or AdK7-L2
(1.0 x 10'"" VP). Reverse transcription was performed using the
SuperScript first-strand synthesis system for first-strand ¢cDNA synthe-
sis (Invitrogen Life Technologies) according 1o the instructions of the
manufacturer. IL-6 and 1L-12 mRNA in the liver and spleen were quan-
tified with the TagMan fluorogenic detection system (PerkinElmer Ap-
plied Biosystems). Semiquantified RT-PCR analysis was also per-
formed to determine mRNA levels of the cytokines, chemokines, and
IFNs (total eight mRNA). The primer sequences and probes were as
follows: IL-6 forward, 5'-GAG GAT ACC ACT CCC AAC AGA CC-
3'; IL-6 reverse, 5'-AAG TGC ATC ATC GTT GTT CAT ACA-3'
(reverse); IL-6 probe, 5'-CAG AAT TGC CAT TGC ACA ACT CTT
TTC TCA-3"; IL-12p40 forward. 5'-GGA AGC ACG GCA GCA GAA
TA-3"; IL-12p40 reverse. 5'-AAC TTG AGG GAG AAG TAG GAA
TGG-3"; IL-12p40 probe, 5'-CAT CAT CAA ACC AGA CCC GCC
CAA-3'; TNF-a forward, 5'-CCT GTA GCC CAC GTC GTA GC-3';
TNF-a reverse, 5'-TTG ACC TCA GCG CTG AGT TG-3'; RANTES for-
ward, 5'-ATG AAG ATC TCT GCA GCT GCC CTC ACC-3'; RANTES
reverse, 3'-CTA GCT CAT CTC CAA ATA GTT GAT G-3': MIP-2 for-
ward, 5'-ACC TGC CGG CTC CTC AGT GCT GC-3'; MIP-2 reverse,
5'-GGC TTC AGG GTC AAG GCA AAC-3'; IFN-a forward, 5'-AGG
CTC AAG CCA TCC CTG T-3%; IFN-a reverse, 5'-AGG CAC AGG GGC
TGT CTT TCT TCT-3'; IFN-B forward. 5'-TTC CTG CTG TGC TTC
TCC AC-3': IFN-B reverse. 5'-GAT TCA CTA CCA GTC CCA GAG
TC-3'; IFN-y forward, 5'-GAG GAT ACC ACT CCC AAC AGA CC-3';
IFN-y reverse. 5'-AAG TGC ATC ATC GTT GTT CAT ACA-3";
GAPDH forward, 5'-TTC ACC ACC ATG GAG AAG GC-3'; and
GAPDH reverse, 5'-GGC ATG GAC TGT GGT CAT GA-3'. The ex-
pected sizes of the PCR products are as follows: IL-6, 193 bp; IL-12p40,
155 bp; TNF-a, 374 bp; RANTES, 252 bp; MIP-2, 221 bp: IFNa, 272 bp;
IFNB, 607 bp; IFN-v, 306 bp; and GAPDH, 237 bp.
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Cell sorting of splenic vells

Splenic conventional DC, plasmacytoid DC, and B cells, which were
CD11c¢*B220". CD11e*B220%, and CD11lc B220" cells, respectively,
were sorted by FACS Aria (BD Biosciences). Total RNA samples were
isolated from each cell by the reagent ISOGEN, and RT-PCR analysis was
then performed as described ahove.

Results

This study was undetaken to elucidate the biclogical mechanism in
the innate immune host responses toward 1.v. administered Ad vector
The relauonship between the innate immune response and liver Lox-
icity by systemic administranon of the Ad vectors was also examined.

Gene transduction and Ad veclor accumulation in vivo

In this study we used the conventional Ad vector (Ad-L2) and a fiber-
modified Ad vector containing a polylysine (K7) peptide (AdK7-L2),
both of which express luciferase under the control of the CMV pro-
moter. First, we examined luciferase production in the organ and the
biodistribution of viral DNA after i.v. administration of AdK7-L2
(1.0 » 10'° VP) into mice compared with Ad-L2 (see Fig. 3). The
vector dose of 1.0 X 10'® VP was selected because this dose did not
induce any apparent toxicity (IL-6 and AST production) with either
Ad-L2 or AdK7-L2. When a higher dose (3.0 % 10'° or 1.0 % 10"
VP) was used, only Ad-L2 and not AdK7-L2 showed Loxicity (de-
scribed later), which does not reflect an exact comparison of the trans-
duction efficiency. The Ad type S-based vector delivers the fareign
aene predorminantly in the liver afier i.v. injection inlo mice (29, 30).
lnterestingly, AdK7-L2 mediated ~6-fold hugher liver transduction

than Ad-L2 (Fig. 1A). In contrast, the luciferase production in the
heart, lung, kidney, and spleen in response to AdK7-L2 was similar to
that in response to Ad-L2. To examine the biodistribution of Ad-1.2
and AJK7-L2 in mice. the amounts of Ad DNA in each organ 48 h
after the injection of Ad vectors were measured with the TagMan
fluorogenic detection system. More AdK7-L2 DNA accumulated in
the liver than Ad-L2 DNA (Fig. 1B), although the amounts of
AdK7-L2 DNA in the heart, lung, kidney, and spleen were less than
those of Ad-L2 DNA., In particular, the amounts of AdK7-L2 DNA in
the spleen were ~56-fold less than those of Ad-L2 DNA. The duta
regarding luciferase production (Fig. 1A) and the amounts of Ad DNA
in most organs (Fig. 18) showed discrepancies. Luciferase production
in the liver was >2 log order higher than that in other organs, while
the amounts of Ad DNA in liver were not as striking among the
organs compared with luciferase production. This diflerence 1s Tikely
due to the difference in the amount of nonspecific viral uptake among
the organs. Reduced spleen accumulation of AdK7-L2 DNA, com-
pared with Ad-L2 DNA. was also observed at a dose of 1.0 X 10"
VP (data not shown)

Serum cyrokines and AST levels

The systemic administration of Ad vectors results in the initianon
of strong innate immune responses and inflammation in animals
and hurmans (1), and this toxicity limits the utility of Ad vectors for
gene therapy. To evaluate the innate iimmune response and hiver
toxicity of each Ad vector, we measured the levels of 1L-6. TL-12.
and AST in serum. Because IL-6 in the serum and hepatic toxicity
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FIGURE 3. Cytoline, chemokine. and IFN mRNA Jevels in liver and
spleen after the sysiemic administration ol Ad-L2 or AdK7-L2 into mice
Total mMRNA samples were isolated from liver and spleen at 3 h after 1.y
administration of Ad-L2 or AAK7-L2 (1.0 X 10'" VP). After the reverse
transcriplase reaction, 1L-6 and IL-12 ¢cDNA were measured with the quan-
titative TagMan PCR assay (A). The expression of TNF-a. RANTES,
MIP-2. IFN-a, IFN-B. and IFN-y was measured by semiguantitative RT-
PCR assay (B). All data represent the means = SD of four mice. Cycle
number is given in parentheses

analysis was detected at a dose of >1.0 X 10" or 3.0 % 10" VP,
respectively, these doses were used.

IL.-6 levels in response to AdK7-L2 were cne-fourth of those
with Ad-L2 (Fig. 2A). In contrast, there was no difference in serum
[L-12 levels between Ad-L2 and AdK7-L.2. Thus, 1L-6 and 1L-12
appear to be produced by a different mechanism. TNF-a in the
serum after the injection of Ad-L2 or AdK7-L2 could not be de-
tected (data not shown). Ad-L2 led to high levels of serum AST at
48 h after injection, while AJK7-L2 did not induce AST (Fig. 2B)
At 24 h, neither Ad-L2 nor AdK7-L2 induced AST. In histological
analysis, degranulation or denucleation occurred in hepatocytes
from Ad-L2. while AdK7-L2 did not induce hepatocyte toxicity
(Fig. 2C). The results using AdK7-L2 were similar to those in the
untreated mice (Fig. 2, B and C), suggesting that AdK7-L2 does
not show any liver toxicity. These results suggest that AdK7-L2

shows less IL-6 production and almost no liver toxicity

Cviokines mRNA levels in liver and spleen cells

Ad vectors induce the expression of various cytokines and che-
mokines in the innate immune responses by effector cells such as

-

macrophages and DC (15. 17, 31-33). Liver and spleen are two

FIBER-MODIFIED Ad VECTORS DECREASE LIVER TOXICITY
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FIGURE 4. IL-6 and IL-12 mRNA levels in splenic CDI Ic-positive
cells after the systemic administration of Ad-L2 into mice. Total mRNA
samples were isolated from soried splenic cells 3 h afier i.v. administration
of Ad-L2 (1.0 x 10"" VP), The expression levels of IL-6 and [L-12 mRNA
were measured by RT-PCR assay. Lane !, B cell (B220"CD11¢7); lane 2,
conventional DC (B220°CD11c™), lane 3. plasmacyloid DC (B2207
CD11c™); lune 4. other cells (B2207CD11¢7). Cycle number is given in
parentheses

major organs responsible for the location of immune cells. We
attempted to determine which organ (liver or spleen) produces cy
tokines. chemokines, and IFNs (IL-6, IL-12, TNF-a. RANTES.
MIP-2, IFNa. IFNB. and IFN-v) by quantitative real-time RT-PCR
or semiquantitative RT-PCR analysis. IL-6 and IL-12 mRNA lev-
els were not induced in the liver after i.v. administration of Ad
vectors (Fig. 3A4). This result was also checked by the result that
specific [L-6 and IL-12 mRNA bands were not detected in the liver
by RT-PCR analysis (data not shown). Expression of TNF-a.
RANTES, MIP-2. IFN-a, IFN-B. and [FN-y mRNA was also de-
tected mainly in the spleen, not the liver (Fig. 3B). IL-6, MIP-2,
and IFN-y mRNA levels in the spleen in response 10 AdK7-L2
were lower than those in response to Ad-L2. In the liver, TNF-a,
RANTES, MIP-2, and IFN-ymRNA were detected by a high cycle
number of PCR aflter Ad (Ad-L2 or AdK7-L2) injection, whereas
IFN-a and [FN-B could be not detected (Fig. 3B).

We next identified the cell types responsible for the IL-6 and
IL-12 expression in the spleen after 1.v. administration of the Ad
vector (Ad-L2). Spleen cells were sorted by FACS Aria based
on the expression of CDIlc and B220 in conventional DC
(CD11c™B2207), plasmacytoid DC (CD11¢*B220™), and B cells
(CD11¢7B2207 cells). 1L-6 and IL-12 mRNA were mainly de-
tected in the splenic conventional DC. Only a faint band of IL-12
mRNA was also detected in the splenic plasmacytoid DC
(CD11c*B2207) (Fig. 4). These results suggest that splenic con-
ventional DC are major elffector cells of innate immune response
(at least IL-6 and IL-12 production) against systemically admin-
istered Ad vectors

Elimination of IL-6 signaling reduces liver ioxicin

It has previously been shown that TNF-« is likely to be involved
in host responses to Ad vectors in vitro and in vivo (34). Recently,
Shayakhmetov et al. (35) have reported that IL-1 signaling. not
TNF-a signaling, is involved in Ad vector-associated liver toxicity
after i.v. administration. However, the mechanism of liver toxicity
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after i.v. Ad administration is poorly understood. In the present
study, although AdK7-1.2 mediated higher luciferase expression
and a higher accumulation of viral DNA in the liver than Ad-L2,
it remains unclear why AdK7-L2 showed almost background lev-
els of liver toxicity while Ad-L2 showed high toxicity. As reported
previously, inflammatory cytokines, chemokines, and 1FNs could
be the mediators responsible for liver toxicity (2). [L-6 levels in the
serum were the most strikingly different between AdK7-L2 and
Ad-L2. Furthermore, 1L-6 stimulaled acute phase protein (serum
amyloid A, fibrinogen, a,-anti-trypsin, and a,-acid glycoprotein)
in rat and human hepatocytes (36, 37). Therefore, we next exam-
ined the effects of serum IL-6 on liver toxicity (Fig. 5). To do this,
we used an anti-IL-6R Ab that inhibits the signal through the [L-6
receptor. The IL-6 receptor system consists of two functional mol-
ecules, an 80-kDa ligand-binding chain (IL-6R) and a 130-kDa
nonligand-binding but signal-transducing chain {(gp130). The anti-
1L-6R Ab blocks the binding of IL-6 to the IL-6R (38, 39). The
anti-IL-6R Ab or the control Ab was 1.p. injected 1.5 h before the
injection of Ad-L2. The AST levels in the serum and luciferase
production in the liver were determined 48 h later. Administration
of anti-IL-6R Ab significantly (~2-fold) reduced Ad vector-me-
diated AST levels in the serum compared with PBS or the control
Ab (Fig. 54). Importantly, anti-IL-6R Ab injection did not inter-
fere with luciferase production in the liver (Fig. 5B). These results
suggest that IL-G signaling is involved in liver toxicity after i.v,
administration of an Ad vector.

Discussion

In this study we found that the fiber-modified Ad vector containing
the K7 peptide, which has high affinity with heparin sulfate, shows
much lower serum IL-6 and liver toxicity than the conventional Ad
vector. This improved characteristic is likely involved with the
reduced biodistribution of the vector to the spleen compared with
that of the conventional Ad vector. RT-PCR analysis showed that
the spleen, not the liver, is the major site of cytokine, chemokine,
and IFN (IL-6, IL-12, TNF-a, RANTES, MIP-2, IFN-a, IFN-f,
and IFN-v) production and that splenic conventional DC are the
major effector cells of the innate immune response (at least IL-6
and IL-12 production) after i.v. administration of Ad vectors. We
also showed that IL-6 signaling is involved in part with liver tox-
icity in response to Ad veclors. Importantly, this fiber-modified Ad
vector containing the K7 peptide maintained higher transduction
efficiency in all the organs examined, and the liver transduction
was higher than that of the conventional Ad vector. Although there
have been some reports that modified Ad vectors such as the pe-
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gylated Ad vector (18-21), the Ad vector containing the Ad type
35 fiber shaft and knob (40), and the triple mutant Ad vector with
ablation of CAR, a, integrin, and HSG binding (22) show de-
creased innate immune response and liver toxicity, these types of
vector lose their transduction activity in vivo. To our knowledge,
this is the first report of an Ad vector that maintains high trans-
duction efficiency in vivo with reduced toxicity.

The fiber-modified Ad vector containing the K7 peptide has
been developed to overcome the limitations imposed by the CAR
dependence of Ad infection. Expanded and efficient gene transfer
has been reported based on the use of mutant fiber proteins con-
taining a stretch of lysine residues (23-25). However, there has
been no report on the difference in gene transfer activity and tox-
icity in vivo between the conventional Ad vector and the fiber-
modified Ad vector containing the K7 peptide. We have demon-
strated that the fiber-modified Ad vector containing the K7 peptide
mediates ~6-fold higher mouse liver transduction in response to
i.v. administration than the conventional Ad vector (Fig. 14). The
amounts of fiber-madified Ad vector DNA in the liver after i.v.
administration were also 5-fold higher than those with the conven-
tional Ad vector (Fig. 1B). It has been reported that the interaction
between the Ad type 5 fiber and the HSG of a hepatocyte is in-
volved in the accumulation in the mouse liver and the cynomaolgus
monkey liver of systemically administered Ad vectors (41, 42).
This fiber-modified Ad vector might mediate more efficient gene
transduction through a much higher affinity for HSG. In contrast,
the amounts of fiber-modified Ad vector DNA in the spleen after
i.v. administration were 56-fold lower than those of the conven-
tional Ad vector (Fig. 1B). Biodistribution of viral DNA reflects
the total of receptor-mediated uptake and nonspecific uptake. Lu-
ciferase production in the cells mainly reflects receptor-mediated
uptake. We previously reported that most Ad DNAs are taken up
in the liver nonparenchymal cells, not parenchymal cells, after i.v.
administration (22). In this study, the conventional Ad vector
would also be taken up in the macrophages and DC by nonspecific
uptake. resulting in significantly higher Ad DNA and lower lucif-
erase production in the spleen. In contrast, the fiber-modified Ad
vector would be taken up more in the liver via receptor-mediated
uptake and nonspecific uptake, resulting in significantly lower Ad
DNA in the other organs, especially the spleen. Even though the
amount of AdK7-L2 uptake in the spleen, heart, lung, and kidney
was less than that of Ad-L2 uptake, the amount of receptor-medi-
ated uptake in these organs would be similar between Ad-L2 and
AdK7-L2, suggesting that these vectors showed similar levels of
luciferase production in the organs other than the liver.
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The initiation of inflammatory innate immune TESPONSES occurs
after the systemic administration of Ad vectors to animals and
bumans, and this toxicity limits the wtility of Ad vectors for gene
therapy. Increased cytokine/chemokine production after the injec-
tion of Ad vectors has been reported to be due to the introduction
of input Ad vectors to Kupffer cells in the liver and DC (15, 17,
43-46). Detailed analysis of the organs responsible for the expres-
sion of cytokines, chemokines, and IFNs by RT-PCR su ggests that
their production can mainly be attributed to spleen cells (especially
splenic conventional DC), not liver cells (Figs. 3 and 4), which is
consistent with the recent report of Bart et al. (47). Therefore,
interference with spleen distribution of the Ad vector should pro-
vide a useful method for safer gene therapy.

TLRs, which are crucial to the recognition of pathogen-associ-
ated molecular patterns, are expressed on various types of immune
cells including macrophages, DC, B cells, splenic types of T cells,
and even on nonimmune cells such as fibroblasts and epithelial
cells (48). For example, HSV and CMV (dsDNA virus) activate
inflammatory cytokines and type | IFN secretion by the stimulation
of TLRY (49-53). The innate immune receptor to the Ad has not
yet been identified. It has not even been determined whether TLRs
are involved in Ad-mediated innate immune response in vivo, al-
though it has been reported that TLR signals are not involved in
the DC maturation induced by the Ad vector (46). As shown in
Fig. 3B, cyiokine production against the Ad vector occurred
mainly in conventional DC. It is noted that the TLRY-mediated
innate immunity responses to DNA virus are cell type-specific and
limited te plasmacytoid DC (50). The unidentified sensor recep-
tor(s) for double-stranded Ad DNA or Ad capsid protein in con-
ventional DC might play a critical role in the expression of in-
flammatory cytokines/chemokines and type 1 1FN. Although we
have previously reported that large amounts of conventional Ad
veclor accumulate in nonparenchymal cells, including Kuplffer
cells and liver sinusoidal (endothelial) cells (22, 54), the expres-
sion of mRNA of cytokines, chemokines, and IFNs in the liver was
weak after administration of the Ad vector (Fig. 3B). A lack of
putative sensor receptor(s) against Ad or the inability of sensor
receptor(s) to recognize Ad due to the specific cellular disposition
of Ad in Kupffer cells might result in a reduced production of
cytokines/chemnokines/IFNs in the liver.

Another interesting finding is that the fiber-modified Ad vector
containing the K7 peptide showed almost background levels of
AST activity, which reflects liver toxicity (Fig. 2B). Histological
analysis supported this finding (Fig. 2C). Because the K7-modified
Ad vector showed higher transgene activity and a higher accumu-
lation of viral DNA into the liver (Fig. 1), the transduction and
distribution of the vector into the liver did not participate in liver
toxicity. The cytokines/chemokines play a major causative role in
liver damage associated with systemic Ad infusion as well as in the
induction of an antiviral immune response (2). Ad-induced cyto-
kines/chemokines recruit immune effector cells (neutrophils,
monocyte/macrophages, and NK cells) to Ad-transduced cells
(mainly Liver), resulting in acute hepatic toxicity. Shayakhmetov
et al. (35) have reported that hepatocytes and Kupffer cells trigger
IL-1 wanscription in liver tissue after i.v. administration of Ad
vectors and that interference of IL-1-signaling reduces liver tox-
icity. We speculated that IL-6 could be the main mediator for
hepatic toxicity because 1L-6 is one of the main cytokines in the
early stages of inflammation, IL-6 production by the fiber-modified
Ad vector was much reduced (approximately a quarter) compared
with that by the conventional Ad vector, and all of the cytokines/
chemokines/IFNs we examined (including IL-6) were mainly pro-
duced by the spleen, not the liver. Treatment of the anti-IL-6R Ab
decreased liver toxicity (Fig. 5), suggesting that 1L-6 plays at least

FIBER-MODIFIED Ad VECTORS DECREASE LIVER TOXICITY

some role in liver toxicity induced by systemic injection of the Ad
vector. Because the AST levels were only partially reduced by the
treatment with the anti-IL-6R Ab, another mechanism such as IL-1
signaling, rapid Kupffer cell death (55, 56), activation of the liver
endothelium (55), or other factors might be involved in the liver
toxicity. Nevertheless, it is attractive that the K7-modified Ad
vector did not show liver toxicity despite the higher transduc-
tion efficiency and higher accumulation of the vector into the
liver (probably Kupffer cells).

Our present study provides new insight into the cellular biolog-
ical mechanism related to the innate immune response and liver
toxicity against the systemically administered Ad vector. Modifi-
cation of vector tropism should contribute to safe gene therapy
procedures.
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Characterization of capsid-modified adenovirus
vectors containing heterologous peptides
in the fiber knob, protein IX, or hexon
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Adenovirus (Ad) vectors are widely used in gene therapy and
in vitroAn vivo gene transfer because of their high transduc-
tion efficiency. However, Ad vector application in the gene
therapy field is limited by poor transduction into cells not
expressing the primary receptor, coxsackievirus and adeno-
virus receptor. To overcome this problem, several types of
capsid-modified Ad vectors have been developed. The HI
loop or C-terminus of the fiber knob, the C-terminus of the
protein IX (pIX) and the hypervariable region 5 of the hexon
are promising candidate locations for displaying foreign
peptide sequences. In the present study, we constructed
Ad vectors in which each of the above region was modified
by a simple in vitro ligation-based method, and examined the
characterization of each Ad vector containing the FLAG tag
(DYKDDDDK) or RGD (CDCRGDCFC) peptide. Enzyme-

Keywards: adenovirus; capside; fiber; protein IX; hexon

Introduction

Adenovirus (Ad) vectors based on Ad type 5 are widely
used for gene transfer studies and clinical gene therapy
trials, since they can achieve high transduction efficiency
and transduce into both dividing and non-dividing
cells.’? However, one of the hurdles confronting Ad-
mediated gene transfer is that Ad infection is dependent
on the expression levels of the coxsackievirus and
adenovirus receptor (CAR) in the target cells. Ad vectors
cannot transfer genes of interest into cells lacking
CAR expression (i.e. many advanced tumor cells, peri-
pheral blood cells, hematopoietic stem cells, dendritic
cells, etc).>*

Genetic modification of the Ad capsid, such as its fiber,
protein IX (pIX), or hexon, is an attractive strategy for
altering the Ad tropism. Among these options, modifica-
tion of the fiber proteins has been the most widely
studied. Fiber proteins consist of three distinct domains:
the tail, shaft and knob. Each domain has distinct
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linked immunosorbent assay examining the surface expres-
sion of foreign peptides on the virus suggested that foreign
peptides are exposed on virion surfaces in all types veciors
and that the hexon was the most efficiently reacted, reflecling
the copy number of the modification. However, in the case
of the transduction efficiency of Ad vectors containing
the RGD peptides, the modification of plX and the hexon
showed no effect. The modification of the HI loop of the fiber
knob was the most efficient, followed by the modification of
the C-terminus region of the fiber knob. These comparative
analyses, together with a simple construction method for
each modified Ad vector, could provide basic information for
the generation of capsid-modified Ad vectors.

Gene Therapy (2007) 14, 266-274. doi:10.1038/sj.gt.3302859;
published online 28 September 2006

functions in host cell infection. The trimeric subunits of
the C-terminal knob domain are responsible for binding
to the host's primary cellular receptor, CAR.5® Incorpora-
tion of the RGD (Arg-Gly-Asp) peptide or a stretch of
lysine residues (K7 [KKKKKKK] peptide), which target
av integrins or heparan sulfate proteoglycans on the
cellular surface, respectively, into the HI loop or the
C-terminal region of the fiber knob allows Ad tropism to
be expanded (or changed) by binding the modified fiber
protein with the cellular receptor.”-*¢

The C-terminal region of pIX is another candidate
location for capsid modification.™ pIX is a minor
structural protein contained in the Ad virion which
enhances the structural integrity of the particles by
stabilizing hexon-hexon interaction.'** It also plays roles
in transcriptional activity and nuclear reorganization.'
The attractive characteristics of ligand insertion into the
pIX region is that the C-terminus of pIX tolerates the
insertion of large ligands.’>'7 As Ad pIX resides at a deep
and hidden position below the tops of the hexon
capsomer, Ad vectors containing the ligand-pIX fusion
protein, which incorporates an o-helical spacer to suffi-
ciently lift the ligands and expose them at the surface of
the capsid, were developed.’® Enhanced transduction was
reported by Ad vectors containing the RGD peptide in the
C-terminus of pIX with an a-helical spacer.’®



Hexons are the most abundant capsid proteins and
comprise each geometrical face of the capsid. As hexons
are mostly targeted by neutralizing antibodies,’® hexon
modification has been reported to escape from neutra-
lizing antibodies as well as to modify the tropism.*
The hypervariable region (HVR) 5 of hexon loop L1 is
a candidate location for incorporating foreign peptides
without affecting the normal function of Ad type 5 as
a gene transfer vector (ie. viral growth, virus forma-
ton, virion stability, CAR-mediated infectivity).?*?
Vigne et al.** have reported that Ad vectors containing
the RGD peptides (DCRGDCEF) at HVRS of the hexon can
infect cells via cellular av integrin, independently of the
CAR. However, Wu ef al.** have reported that the His tag
sequence at HVR5 had no effect on the transduction
efficiency of Ad vectors when the vectors were applied to
cells expressing anti-His tag single-chain antibody (scFv).

One attractive point of pIX or hexon modification is
that 240 or 720 molecules of foreign peptides per virion
are displayed at pIX or the hexon, respectively, while
only 36 molecules are displayed at the fiber (note that
the fiber and hexon are composed of trimeric subunits).
Therefore, pIX- or hexon-modified Ad vectors containing
heterologous peptides might be more effective than fiber-
modified Ad vectors.

In the present study, we first developed a simple
method for generating pIX- or hexon-modified
Ad vectors by using in vifro ligation-based plasmid
construction. The functionalities of Ad vectors contain-
ing the FLAG tag or RGD peptide in the HI loop or
C-terminus of the fiber knob, C-terminus of pIX, or the
HVR 5 region of the hexon were systemically compared.
These comparative analyses could provide basic infor-
mation for generation of capsid-modified Ad vectors.

First, we constructed newer vector plasmids
pAdHMS56 and -62, which we used for the generation
of pIX- or hexon-modified Ad vectors, respectively.
These contain a unique Xbal site in the coding
regions of the C-terminal of pIX or HVR5 of the hexon,
respectively (Figure 1), where only a minimal Xbal
recognition sequence (TCTAGA) was introduced.
pAdHMS56 and -62 also contain unique I-Ceul/Swal /PI-
Scel sites in the E1 deletion region; hence, a trans-
gene expression cassette can be cloned into the El
deletion region by simple in vitro ligation, as previously
described.*?* The shuttle plasmid pHMI15-75A was
constructed by introducing oligonucleotide 1/2, —3/4,
-5/6, —7/8 (Table 1) into a derivative plasmid of
pHM152 pHM15-75A contains Xbal, Avrll, Nhel and
Spel sites at both ends of a multicloning site and the
coding sequence of a 75 A a-helical spacer, as described
by Vellinga et al.,’® in the same multicloning site
(Figure 1a). Detailed information about the constructions
of the vector and shuttle plasmids is available from the
authors upon request.

We previously developed a simple method for
generating fiber-modified Ad vectors.®'® In that method,
unique restriction enzyme sites (Csp451 and/or Clal site)
were introduced into the HI loop or C-terminal coding
region of the fiber knob of the Ad vector plasmid, and the
foreign DNA coding peptide of interest could easily be
cloned into their regions by simple in vitro ligation.

In the present study, we expanded upon this system,
so that heterologous peptide sequences could be inserted
at the C-terminus region of pIX and the HVRS region of
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the hexon. Figure 1 shows a representative example for
generating Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-
L2, luciferase-expressing Ad vectors containing the RGD
peptides in the C-terminus of the pIX via a 75 A «-helical
spacer and in the HVRS5 region of the hexon, respectively.
By using pHM15-75A, the peptide of interest coding
sequence together with the 75 A a-helical spacer coding
sequence could easily be introduced into the C-terminal
coding region of pIX of pAdHMS56. As Xbal, Auvrll,
Nhel and Spel produce compatible cohesive ends,
Avrll, Nhel and Spel sites as well as the Xbal site can be
used for cloning into the Xbal site. Oligonucleotides
corresponding to the peptide of interest can also be
directly introduced into the Xbal site of pAdHM?56. For
the generation of pAdHM56-RGD75-L2, Xbal-digested
pAdHMS56-L2, in which a luciferase expression cassette
was introduced into the E1 deletion region of pAdHM56
using I-Ceul and Pl-Scel sites,®?* was ligated with
Avrll-digested pHM15-75A-RGD, which was constructed
by the introduction of oligonucleotides 9/10 correspond-
ing to a GS linker plus the RGD-4C (CDCRGDCFC)
peptide into the Csp451/Ascl sites of pHMI5-75A
(Figure 1a). pAdHM62-RGD-L2, a vector plasmid for
the hexon-modified Ad vector containing the RGD

ptide, was constructed by the ligation of Xbal-digested
pAdHM62-L2 with oligonucleotides 11/12, which con-
tain a binding site with an Xbal-digested fragment and
correspond to the RGD-4C peptide (Figure 1b). Oligo-
nucleotides were designed so that the positive recombi-
nant plasmid lacked an Xbal site for convenience of
selection. Sequencing of all inserted oligonucleotides in
each plasmid verified that the clones contained the
appropriate sequences.

pAdHMS56-FLAG-L2, pAdHMS56-FLAG75-1.2,
pAdHMS6-His-L2, pAdHMS56-His75-L2, pAdHM56-
RGD-L2 and pAdHM62-FLAG-L2 were similarly con-
structed as shown in Figure 1 by using Xbal-digested
pAdHMS56-L2 or pAdHM62-L2 with oligonucleotides
11-20. Ad vectors were generated by the transfection
of Pacl-digested linearized vector plasmids described
above into 293 cells and were prepared as described
previously.*?** The conventional Ad vector (Ad-L2) and
fiber-modified Ad vectors (Ad-RGD(HI)-L2 and Ad-
RGD(C)-L2), had been previously constructed.®'® Deter-
mination of virus particle titers (VP) and infectious titer
was accomplished spectrophotometrically by the method
of Maizel et al* and by using an Adeno-X Rapid Titer
Kit (Clontech, Palo Alto, CA, USA), respectively. The
infectious titer-to-particle ratio was 1:10 for Ad-L2, 1:17
for Ad-RGD(HI)-L2, 1:28 for Ad-RGD(C)-L2, 1:9 for Ad-
RGD(pIX)-L2, 1:23 for Ad-RGD(pIX/75)-L2, 1:44 for Ad-
RGD(hexon)-L2. All capsid-modified Ad vectors except
Ad-RGD(hexon)-L2 were readily propagated, with simi-
lar particle titers to those of the conventional Ad vector,
Ad-L2. The growth rate of Ad-RGD(hexon)-L2 was
similar to that of Ad-L2, but the yield was approximately
10 times lower. Ad vectors and vector plasmids used in
the present study are summarized in Table 2. All capsid-
modified Ad vectors contain CAR and integrin binding
motifs in the fiber and the penton base.

We then examined whether foreign peptides are
displayed in the HI loop of the fiber knob, the
C-terminus of the fiber knob, the C-terminus of pIX or
the HVRS5 region of the hexon (Figure 2). To do this, we
generated capsid-modified Ad vectors containing the
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Figure 1 The construction strategy for pIX- or hexon-modified Ad vectors containing foreign peptides. (a) Construction of pIX-modified Ad
vector. pAdHMS6 was digested by I-Ceul/Pl-Scel and ligated with I-Ceul/P1-5cel-digested pCMVL1a, which contains a CMV promoter-
driven luciferase expression cassette, resulting in pAdHM56-L2. The shuttle plasmid pHM15-75A-RGD, which cloned oligonucleotides
correspanding to the GS linker plus the RGD-4C peptide into pHMI15-75A, was digested with Avrll and ligated with Xbal-digested
pAJHMS6-L2, resulting in pAdHM56-RGD75-L2. When Aurll, Nhel or Spel sites of the shuttle plasmid are used for cloning into the Xbal site
of the vector plasmid, the positive recombinant plasmid lacks an Xbal site. Therefore, generation of the seli-ligated plasmid is reduced by the
digestion of the ligation sample with Xbal. A luciferase-expressing Ad vector containing the RGD peptide in the C-terminal of pIX witha 75 A
a-helical spacer, Ad-RGD(pIX/75)-L2, was produced by transfection of the Pacl-digested pAdHMS6-RGD75-12 into 293 cells.
(b) Construction of hexon-modified Ad vector. pAdHM62-L2 was constructed by the ligation of I-Ceul/PI-Scel-digested pAdHM62 and
I-Ceul /PI-Scel-digested pCMVL1a. Then, pAdHM62-L2 was digested with Xbal and ligated with an oligonucleotide corresponding to the
linker (GS) and the RGD-4C peptide that contains a binding site with an Xbal-digested fragment, resuiting in pAdHM62-RGD-L2. The
oligonucleotide was designed so that the positive recombinant plasmid lacks an Xbal site. Generation of the self-ligated plasmid was reduced
by the digestion of the ligation sample by Xbal. A luciferase-expressing Ad vector containing the RGD peptide in the HVRS region of the
hexon, Ad-RGD(hexon)-L2, was produced by transfection of the Pacl-digested pAdHM62-RGD-L2 into 293 cells.
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Figure 1 Continued

FLAG tag peptide in each region. Expression of the
FLAG tag peptide in Ad-FLAG(HID-L2, Ad-FLAG(C)-L2,
Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-L2 was exam-
ined by Western blotting. The total protein (1 ug) of each
vector in 1 x sample buffer containing 4% f-mercapto-
ethanol was loaded on the SDS-PAGE gel after boiling
5 min, followed by electrotransfer to a PVDF (polyvinyl-
idene difluoride) membrane. After blocking in Block Ace
(Dainippon Pharmaceuticals, Osaka, Japan), the filters
were incubated with ANTI-FLAG M2 monoclonal anti-
body (Sigma, Saint Louis, USA) (1:3000), followed
by incubation in the presence of goat anti-mouse 1gG
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HRP (Horseradish peroxidase)-linked antibody (Cell
Signaling Technology Inc., MA, USA). The filters were
developed by Chemi-Lumi One (Nacalai Tesque, Kyoto,
Japan). The signals were read using a LAS-3000 machine
(FUJIFILM, Tokyo, Japan). The FLAG tag peptide in the
HI loop and the C-terminus of the fiber knob were about
60 kDa, similar size to a fiber protein. The molecular
weight of pIX was 14.4kDa and the FLAG tag peptide
of Ad-FLAG(pIX)-L2 was about 14.4 kDa. The FLAG tag
peptide detected in Ad-FLAG(hexon)-L2 was about
110 kDa, which is similar to the molecular weight of
the hexon. Although the copy number of pIX is higher
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