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2.6. Flow cytometry

Cells were labeled with PE-Cy5-conjugated anti-CD4 antibody
or PE-conjugated anti-CXCR4 antibody (Beckton Dickinson, San
Jose, Calif.) for 30 min at 4°C. Cells were washed once with PBS
supplemented with 1% FBS and analyzed by FACS Aria (Beckton
Dickinson). The GFP-positive cells were sorted using FACS Aria.

2.7. Monitoring HIV-1 replication

For HIV-1 infection, 1 x 10° cells were incubated at the room
temperature with the HIV-1yxgy-containing culture supernatant,
which had approximately 1.0ng of p24A, for approximately
30min. The culture supernatants were collected at 4 d post-
infection and subjected to ELISA to measure the p24 A antigen,
using a Retro TEK p24 Antigen ELISA Kit according to the manu-
facturer’s protocol (Zepto Metrix, Buffalo, NY). The signals were
measured with an ELx808 microplate photometer (BIO-TEK®,
Winooski, VT).

2.8. PCR analysis

The cellular DNA and RNA were extracted from cells infected
with VSV-G-pseudotyped HIV-1 vector produced by using pNL-
Luc plasmid, as described previously [17]. The Alu-LTR PCR and
RT-PCR were performed as described previously [3,17] using
the following primers: for the first Alu-LTR PCR reaction, 5'-
AACTAGGGAACCCACTGCTTAAG-3’ and 5'-TGCTGGGATTACAGGC-
GTGAG-3’; and for the second Alu-LTR PCR reaction, 5'-AACT-
AGGGAACCCACTGCTTAAG-3' and 5'-CTGCTAGAGATTTTCCACA-
CTGAC-3'. For amplification of HIV-1 mRNA, 5'-ATGGAGCCAGTAG-
ATCCTAGAC-3' and 5'-CTATTCCTTCGGGCCTGTCGGG-3’ primers
were used. For the control, we amplified beta-globin and cycloph-
ilin A using the following primers: beta-globin, 5'-TATTGGTCT-
CCTTAAACCTGTCTTG-3’ and 5'-CTGACACAACTGTGTTCACTAGC-3';
and cyclophilin A, 5'- CACCGCCACCATGGTCAACCCCACCGTGTTCT-
TCGAC-3’ and 5- CCCGGGCCTCGAGCTTTCGAGTTGTCCACAGTCA-
GCAATGG-3'. The amplicons were separated in a 2% agarose gel,
stained with ethidium bromide, and imaged with a Typhoon
scanner (GE Healthcare Bio-Sciences).

2.9. Collection of virus-like particle

Tissue culture supernatants containing virus-like particles (VLP)
were passed through nitrocellulose filters (0.45 wm, Millipore,
Tokyo, Japan) and the virions were collected by centrifugation
(Optima™ TL, TLA 100.3 rotor, 541k x g for 1 h; Beckman Coulter,
Miami, FL).

3. Results

3.1. Identification of SEC14L1a as a potential regulator of HIV-1
replication

We prepared MT-4 cells that constitutively express cDNA trans-
duced by a lentiviral vector or an MLV-based retroviral vector
(Fig. 1A). The cDNAs were derived from human peripheral blood
mononuclear cells (PBL) and Oryctolagus cuniculus (European rab-
bit) kidney-derived cell line RK13 cells. MT-4 cells transduced with
cDNA were collected by FACS sorter using the green fluorescence
as a marker since viral vectors encoded the GFP expression cas-
sette. Then, cells were infected with HIV-1. Surviving cells were
propagated and the genomic DNA was extracted to recover the
transduced cDNA by PCR as previously described [3]. We iso-
lated two clones encoding the carboxy terminal domain (CTD) of
SEC14L1a (Gene ID 6397, Fig. 1B and C); one from the PBL cDNA

library (1/65 independent clones, 1.5%), and one from the RK13
cDNA library (1/42 independent clones, 2.4%). The fact that the
SEC14L1a CTD was successfully identified from two independent
cDNA libraries strongly suggests that it is a negative regulator of
HIV-1 replication. It is important to note that previous genome-
wide screenings for HIV-1 regulators have not identified SEC14L1a
CTD. This clearly suggests that our T cell-based cDNA screening
system is unique, and should be able to complement the other
genome-wide screening systems.

SEC14L1a belongs to the widely-expressed SEC14-superfamily
that is involved in membrane trafficking and phospholipid
metabolism [18-21]. The function of SEC14L1a is not well under-
stood. The C-terminus of SEC14L1a encodes a Golgi dynamics
(GOLD) domain (amino acids (aa) 523-674; Fig. 1C) that mediates
the protein-protein interaction possibly involved in the mainte-
nance of Golgi apparatus function and vesicular trafficking [22].
The only reported biological activity of SEC14L1a is to interact
with cholinergic receptors AchT and CHT1 [23]. The GOLD domain
is responsible for the physical interaction between SEC14L1a and
cholinergic receptors. However, the functional significance of these
interactions remains to be clarified. The conserved SEC14 domain
directly interacts with lipid molecules [17-21]. However, the lipid
ligand of SEC14L1a (aa 319-490, Fig. 1C) has yet to be identified.

3.2. Construction of expression vectors for SEC14L1a derivatives

The longest SEC14L1a cDNA recovered from the PBL cDNA
library spanned nucleotides (nt) 2045-2492 of SEC14L1a mRNA
(NM_003003.3), covering the CTD of the SEC14L1a open reading
frame (ORF; Fig. 1B). We detected a potential translational start
codon at nt 2188-2190 within the GOLD domain (asterisk, Fig. 1B).
We speculated that the isolated cDNA might have expressed the
carboxy half of the GOLD domain (aa 641-715) in MT-4 cells, lead-
ing to the inhibition of HIV-1 replication.

To test this, we constructed an expression plasmid for FLAG-
tagged CTD (aa 642-715) fused to the carboxy terminus of GFP
(CTD1; Fig. 1C). We also constructed GFP fusion proteins spanning
the GOLD domain (CTD2, aa 493-715) or the full-length SEC14L1a
(FL; Fig. 1C). Expression of these proteins was verified by Western
blotting of transient transfected 293T cells (Fig. 1D). The confo-
cal microscopy analysis indicated that the FL localized mainly in
the cytoplasm, with some accumulation in the perinuclear regions
(Fig. 1E), consistent with a previous report [23]. CTD1 was dis-
tributed in the cytoplasm and the nucleus, with a slight preference
for the cytoplasm. CTD2 was evenly distributed to the nucleus and
cytoplasm. When MT-4 cells constitutively expressing FL, CTD1,
and CTD2 were analyzed, the subcellular distribution was less clear,
due to the small cytoplasm (Fig. 1F). However, FL was distributed
evenly to the nucleus and cytoplasmin MT-4 cells. In contrast, CTD1
was excluded from the nucleus in MT-4 cells (Fig. 1F). The distribu-
tion of CTD2 in MT-4 cells was similar to that in 293T cells (Fig. 1F).
The differences of protein distribution in two cell types may be
caused by the cell type-dependent regulation of protein trafficking
and/or the effect of protein expression levels.

3.3. Verification of anti-HIV-1 activity associated with SEC14L1a
CID1

We introduced FL, CTD1, or CTD2 into MT-4 cells using the
MLV vector, and isolated cells constitutively expressing FL, CTD1,
or CTD2. Expression of SEC14L1a derivatives in MT-4 cells was
verified by Western blotting (Fig. 2A). FL expression was verified
by immuno-precipitation assay (Fig. 2A). The detection of FL by
Western blotting was inefficient considering the fact that all the
SEC14L1a derivatives are GFP-tagged, and the GFP intensity of FL-
expressing MT-4 cells was not lower than that of CTD1-expressing
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Fig. 1. Identification of SEC14L1a CTD as a potential regulator of HIV-1 replication. (A) The experimental strategy used to screen a cDNA library for genes rendering cells
resistant to HIV-1. MT-4 cells were infected with a retroviral or lentiviral vector carrying cDNA libraries and were challenged with wild-type HIV-1yxg2. The HIV-1-infected
cells (gray with cross) quickly undergo cell death. The surviving cells were propagated, collected, and the transduced cDNA labeled X was determined. (B) Schematic
representation of SEC14L1a mRNA (NM_00303.3) and the isolated gene fragments. The open reading frame (ORF) is assigned from nucleotides (nt) 268 to 2415. The potential
internal translational initiation codon is marked with an asterisk. (C) Schematic representation of the SEC14L1a protein (NP_002994). SEC14L1a has a CRAL-TRIO.N domain
(CTN, amino acids 241-313), a SEC14p-like lipid-binding domain (SEC14, amino acids 319-490), and a Golgi dynamics domain (GOLD, amino acids 523-674). The cloned
fragments (CTD1 and CTD2) and full-length (FL) gene were tagged with a FLAG epitope (indicated with an “F”) on their N-termini, and fused to the C-terminus of GFP. (D)
Verification of FL, CTD1, and CTD2 expression in 293T cells by Western blotting using anti-FLAG antibody. (E) Confocal microscopy images of 293T cells expressing FL, CTD1,
or CTD2. The green signal represents GFP fluorescence. Magnification, 630x; scale bar, 10 wm. (F) Confocal microscopy images of MT-4 cells constitutively expressing FL,
CTD1, or CTD2. The blue signal represents the Hoechst-stained nucleus, and green represents GFP fluorescence. Magnification, 630x; scale bar, 5 pm.

cells (Fig. 1F). The MLV vector expressing GFP alone was used as a
control. The cell proliferation, morphology, and cell surface lev-
els of HIV-1 receptors were unaltered by any of the SEC14L1a
derivatives (Fig. 1F, 2B, and data not shown). HIV-1 replication
was tested in these cells. The level of HIV-1 replication was sig-
nificantly inhibited in CTD1- and CTD2-expressing cells (69.1% and
69.8% on the average from seven independent experiments, respec-
tively, P<0.05, two-tailed Student’s t-test), but was hardly inhibited
in FL-expressing cells (86.4%, not statistically significant; Fig. 2C).
This observation was reproducible in independently established
MT-4 cells and SupT1 cells (data not shown). These data verified
the original screening results, and suggest that the C-terminal half

of GOLD domain of SEC14L1a serves as an inhibitor of HIV-1 repli-
cation. In contrast, it is suggested that FL is not a potent negative
regulator of HIV-1 replication.

3.4. SEC14L1a CTD1 and CTD2 target the late phase of the HIV-1
life cycle

We analyzed the viral entry and production phases to determine
which step of the HIV-1 life cycle CTD1 and CTD2 target.

The Alu-LTR PCR assay was performed to examine the effect
of SEC14L1a derivatives on the viral entry phase. The MT-4 cells
stably expressing GFP, FL, CTD1, or CTD2 were infected with VSV-
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Fig. 2. Functional characterization of the SEC14L1a derivatives. (A) Detection of stable expression of FL, CTD1, and CTD2 in MT-4 cells by Western blotting using anti-FLAG
antibody. FL was detected by the immunoprecipitation (IP) assay using agarose beads conjugated with anti-FLAG antibody. The flow cytometric analysis of the cell surface
expression of HIV-1 receptors CD4 and CXCR4 in MT-4 cells stably expressing GFP, FL, CTD1, and CTD2. (C) Constitutive expression of CTD1 and CTD2 limited the replication
of HIV-1 in MT-4 cells. The concentration of viral p24A antigen in the culture supernatant was measured at 4 d post-infection. The results represent the average of seven
independent experiments + the standard error of the mean. The reduction of viral p24* concentration relative to GFP was shown on the top. Asterisks indicate the statistical
significance compared to GFP (P<0.05 by two-tailed Student’s t-test). (D) The PCR-based assay to examine the effect of SEC14L1a derivatives on the early phase of viral life
cycle (top two panels) and the transcription from LTR promoter (bottom two panels). The HIV-1 entry efficiency was examined by Alu-LTR PCR. Beta globin was used as
an internal control. The HIV-1 transcription efficiency was examined by RT-PCR targeting spliced viral mRNA. Cyclophilin A was used as a control. The expected length of
each PCR amplicon was indicated. (E) The effect of SEC14L1a derivatives on the HIV-1 production. The 293T cells grown in a well of a 6-well plate were transfected with
200 ng of HIV-1 proviral DNA and 2 pg of expression vector for GFPf, FL, CTD1, or CTD2. The culture supernatant was recovered at 2 d post-transfection and the p24A
concentration was measured. The representative data from five independent experiments was shown. The results indicate the average + the standard deviation. The relative
p24©A concentration compared to GFPf was shown on the top. Asterisks indicate the statistical significance compared to GFPf (P<0.001 by two-tailed Student’s t-test). The
Env incorporation onto the virus-like particles (VLP) produced by 293T cells expressing SEC14L1a derivatives. The 293T cells grown in a well of a 6-well plate were transfected
with 1 ug of gag-pol (pPCMVR8.91) and Env (plilex) expression vectors along with 2 p.g of expression vector for GFPf, FL, CTD1, or CTD2. The cell lysates (Cell) and VLP fractions
(Virus) were subjected to Western blot analysis detecting gp120 and p24%A harvested at 2 d post-transfection. The Env incorporation levels normalized to p24<A relative to
GFPf were shown at the bottom.

G-pseudotyped HIV-1 vector, and the cellular genomic DNA was Alu-LTRPCR, these data suggest that viral transcription is not inhib-
recovered at 4 d post-infection. The amount of Alu-LTR PCR prod- ited by any of the SEC14L1a derivatives, and that the action point of
ucts from FL-, CTD1-, or CTD2-expressing MT-4 cells was almost CTD1 and CTD2 should be at post-transcriptional levels of the viral
equal to that from GFP-expressing cells, suggesting that the early production phase.

phase of the viral life cycle is not inhibited by any of the SEC14L1a Next, the FL, CTD1, or CTD2 expression vector was co-
derivatives (Fig. 2D). To examine the viral production phase, we transfected with HIV-1 proviral DNA into 293T cells, and viral
examined the LTR-driven viral gene transcription by RT-PCR. Cel- production was quantified by p24“A ELISA. The FLAG-tagged GFP
lular RNA was extracted from the same MT-4 cells infected with (GFPf)was used as a control hereafter. We found that the FL expres-
VSV-G-pseudotyped HIV-1 vector, and RT-PCR was conducted to sion significantly reduced the production of HIV-1 (44.2%, P<0.001,
amplify LTR promoter-driven spliced HIV-1 mRNA. The amount of two-tailed Student’s t-test) compared to the GFPf control (Fig. 2E).
viral RNA expressed in FL-, CTD1-, or CTD2-expressing cells was In contrast, the CTD1 enhanced the production of HIV-1 (145.9%,
not lower than that in GFP-expressing cells when the levels of the P<0.001, two-tailed Student’s t-test; Fig. 2E). However, CTD2 did
internal control was taken into account (Fig. 2D). Given that the not measurably affect the HIV-1 production (105.1%, not statisti-
similar number of viral genome was integrated as indicated by the cally significant; Fig. 2E). As the ELISA assay examines the effect
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of CTDs on Gag functions, we next tested the functional interac-
tion between CTDs and Env. The Env incorporation onto the virion
was examined by tripartite-transfection of expression vectors for
Env, gag-pol, and SEC14L1a derivatives into 293T cells, and the VLP
was collected by centrifugation. The immunoblotting against gp120
was performed on the cell lysate and the VLP fraction. The cellu-
lar Env and Gag expressions were not detectably affected by any
of the SEC14L1a derivatives (Fig. 2F, left panel). The Env incorpo-
ration onto the VLP was slightly enhanced by FL (157%; Fig. 2F,
right panel). In contrast, the VLP produced from CTD1- or CTD2-
expressing cells incorporated substantially fewer Env than those
from GFPf-expressing cells (59% or 54%, respectively; Fig. 2F, right
panel). These data were reproducible in independently performed
experiments. The densitometric analysis of Western blot image
showed that the average + the standard error of the mean of Env
incorporation onto the virion was 129.7 + 39.9%, 54.8 + 24.7%, and
25.5410.3% for FL, CTD1, and CTD2 compared to GFPf, respectively
(3-4 independent experiments). The Env-mediated cell-to-cell
fusion assay indicated that SEC14L1a derivatives did not limit the
cell surface targeting and function of Env (data not shown). In addi-
tion, the Gag processing in virion was unaffected by any of the
SEC14L1a derivatives (data not shown). Collectively, these data
suggest that the HIV-1 replication is inhibited by CTD1 and CTD2
due to the inefficient Env incorporation onto the virion. To test this
possibility, we infected fresh MT-4 cells with the equal amount of
HIV-1 propagated in CTD1- or CTD2-expressing MT-4 cells (1-2 ng
p24CA), and the viral replication was monitored at 3-4 days post-
infection by measuring the p24“A concentration. The infectivity of
HIV-1 propagated in CTD1- or CTD2-expressing cells was attenu-
ated to 83.14 17.9% or 82.4 +5.5% relative to the virus recovered
from GFP-expressing cells, respectively (the average + the standard
error of the mean of 3 independent experiments). Altogether, these
data suggest that the inhibition of HIV-1 replication by CTD1 and
CTD2 is attributed to the attenuation of viral infectivity by lowering
the Env incorporation onto the virion.

4. Discussion

In the present study, we provide the first evidence that the C-
terminal fragment of SEC14L1a functions as an inhibitor of HIV-1
replication. The advantage of this system is that, since MT-4 cells
are stably transduced with a cDNA library, the anti-HIV-1 function
of a candidate gene is not due to a perturbed cell physiology. This
system has been successful in identifying CD14, CD63, and Brd4-
CTD as regulators of HIV-1 replication [1,3,4], and more candidates
are being analyzed. Among the candidates, SEC14L1a CTD appeared
to be one of the relatively modest inhibitors of HIV-1 replication.
However, of note, the SEC14L1a derivatives have not been identi-
fied in other genetic screening systems. These facts point that our
T cell-based system is sensitive in detecting the modest anti-HIV-
1 activity of a gene, and is a unique tool in the pursuit of HIV-1
regulatory factors to complete the HIV-1-host interactome.

SEC14L1a may affect the Golgi-mediated vesicular trafficking
since SEC14L1a lowers the cell surface levels of cholinergic trans-
porters [23]. However, we do not have any data to suggest that
SEC14L1a and its derivatives affect the cell surface targeting of
membrane proteins including CD4, CXCR4 and Env. These data sug-
gest that SEC14L1a’s effect on cholinergic receptor expression is
specific, and that the CTD’s ability to inhibit HIV-1 replication is
independent from SEC14L1a’s regulatory functions on vesicular
trafficking. The action point of CTD1 and CTD2 was shown to be
the late phase of the viral life cycle. Given that CTD1 and CTD2
did not inhibit the biogenesis and the cell surface targeting of Gag
and Env, the major mechanism of CTD1 and CTD2 to inhibit HIV-1
replication was to reduce the infectivity of HIV-1 by limiting the
Env incorporation onto the virion. Consistent with this idea, the

viral infectivity of virions produced in CTDs-expressing cells was
attenuated. Then, how do CTDs block the Env incorporation onto
the virion? We detected a weak interaction between Gag and CTD1
or CTD2 by immuno-coprecipitation analysis. Thus, we speculate
that the interaction between Env and Gag at the plasma membrane
is interfered by Gag-CTDs interaction, resulting in the reduction of
Env incorporation onto the virion.

The CTD1 was an inhibitor of HIV-1 replication. While the CTD1
negatively affected the Env incorporation onto the virion, it pos-
itively affected the HIV-1 production. These observations may be
seemingly controversial. However, the SEC14L1a derivatives’ effect
on HIV-1 replication is a summation of their effects of on each step
of the viral life cycle. Therefore, it is conceivable that CTD1 can
serve as a negative regulator of HIV-1 replication as well as a posi-
tive and negative factor on distinct steps of the viral life cycle. These
seemingly controversial findings may be in part due to the cells in
which the biological functions of SEC14L1a derivatives were exam-
ined. The effect of SEC14L1a derivatives on HIV-1 replication was
investigated in MT-4 cells, whereas those on the HIV-1 production
and Env incorporation onto the virion were examined in 293T cells.
Although the basic biological features are largely shared among dif-
ferent cell types, it is possible that the SEC14L1a derivatives may
function slightly differently in MT-4 cells from 293T cells given that
the intracellular distribution of SEC14L1a derivatives in MT-4 cells
was not identical to that in 293T cells (Fig. 1E and 1F).

Elucidating the molecular mechanism underlying CTDs’ activity
notonly provides a hint to understand how the HIV-1 virion actively
uptakes Env through the Gag-Env interaction, but also leads to the
development of a novel anti-retroviral drug that lowers the infec-
tivity of the virus by preventing Env incorporation onto the virion.
This is the strength of our T cell-based assay since CTDs inhibit
HIV-1 replication specifically. In the previous study, we proposed
that a small portion of Brd4 may serve as a therapeutic molec-
ular target for HIV-1 infection, since the constitutive expression
of Brd4-CTD limited HIV-1 replication specifically [3], akin to the
SEC14L1a CTDs. However, it remains to be examined whether the
SEC14L1a and Brd4 derivatives inhibit HIV-1 replication in primary
HIV-1 target cells.

The genome-wide screening has potential caveats, including a
c¢DNA bias and a cell line bias. A ¢cDNA library is not a perfect rep-
resentation of mRNA expressed in the cells from which the library
is constructed. For example, the longer the mRNA, the less effi-
ciently the full-length cDNA is synthesized. In fact, we isolated
Brd4-CTD from the PBL cDNA library as a potent inhibitor of HIV-
1 replication [3]. However, although Brd4 (approximately 5000 nt
mRNA in length) is expressed in MT-4 cells, we were unable to
recover Brd4-CTD from the MT-4 cDNA library [3]. This clearly
demonstrates the cDNA bias in the genetic screening. A cDNA
library derived from non-T cells does not contain genes specifi-
cally expressed in T cells. Thus, we have to explore many more
cDNA libraries to completely cover the genetic diversity of human
cells. The cDNA libraries isolated from long-term non-progressors
of HIV-1-seropositive individuals or from elite controllers might
be of particular interest, considering that a dominant innate HIV-
1 resistance gene, such as CCR5 delta 32, may partly account for
the slow progression of AIDS. Similarly, use of a particular cell line
and/or virus strain may bias the results. MT-4 cells are positive
for HTLV-1, and are able to support robust HIV-1 replication. MT-
4 cells do not express CCR5, and are unable to support R5-tropic
HIV-1 strains. What if other T cell lines and R5-tropic viral strains
are used? What if we assay the same cDNA library in TZM-bl cells?
We plan to address these issues in the future studies.

In conclusion, genome-wide genetic screening is a powerful
tool for identifying the regulatory factors of HIV-1 replication and
innate HIV-1 resistance factors that limit HIV-1 infection and AIDS
progression. The HIV-1-host interactome should also reveal poten-
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tial therapeutic molecular targets that may be used to develop
novel anti-AIDS drugs to tackle the emerging drug resistant viruses.
However, the fact that different experimental systems often yield
non-overlapping candidates suggests that we have to explore more
experimental systems to fully understand the HIV-1-host inter-
actome. Our T cell-based system provides an alternative tool for
identifying novel HIV-1 regulatory factors, and should help us
understand the HIV-1-host interaction in more detail.
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Liver ischemia/reperfusion (I/R) injury, which is mainly caused by the generation of reactive oxygen species
(ROS) during the reperfusion, remains an important clinical problem associated with liver transplantation and
major liver surgery. Therefore, ROS should be detoxified to prevent hepatic I/R-induced injury. Delivery of
antioxidant genes into liver is considered to be promising for prevention of hepatic I/R injury; however,
therapeutic effects of antioxidant gene transfer to the liver have not been fully examined. The aim of this study
was to examine whether adenovirus (Ad) vector-mediated catalase gene transfer in the liver is an effective
Reactive oxygen approach for scavenging ROS and preventing hepatic I/R injury. Intravenous administration of Ad vectors
Ischemia/reperfusion expressing catalase, which is an antioxidant enzyme scavenging H,0,, resulted in a significant increase in catalase
Liver activity in the liver. Pre-injection of catalase-expressing Ad vectors dramatically prevented I/R-induced elevation
Catalase in serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, and hepatic necrosis. The
Hepatectomy livers were also protected in another liver injury model, CCls-induced liver injury, by catalase-expressing Ad
vectors. Furthermore, the survival rates of mice subjected to both partial hepatectomy and I/R treatment were
improved by pre-injection of catalase-expressing Ad vectors. On the other hand, control Ad vectors expressing (3-
galactosidase did not show any significant preventive effects in the liver on the models of I/R-induced or CCls-
induced hepatic injury described above. These results indicate that hepatic delivery of the catalase gene by Ad
vectors is a promising approach for the prevention of oxidative stress-induced liver injury.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

Keywords:
Adenovirus vector

1. Introduction

Hepatic ischemia/reperfusion (I/R) injury occurs in a variety of
clinical settings, such as in liver transplantation, hepatic failure after
shock, and liver surgery, and results in severe damages that substantially
contribute to the morbidity and mortality of such cases [1-3]. Hepatic
I/R injury is caused by reactive oxygen species (ROS), including
superoxide anion, hydrogen oxide, and hydroxyl radical, which are
generated by reperfusion of the ischemic tissue. ROS induce lipid
peroxidation and damages to proteins and nucleic acids, leading to
parenchymal cell dysfunction and necrosis, increased vascular
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permeability, and inflammatory cell infiltration [4]. Therefore, ROS
should be detoxified to prevent hepatic I/R injury.

In previous animal studies, antioxidative enzyme catalase and
superoxide dismutase (SOD) were systemically administered to neu-
tralize ROS and prevent I/R-induced hepatic injury. Although catalase
and SOD are endogenously expressed in the cells, the expression levels
of these enzymes are insufficient to preventI/R injury. Administration of
antioxidant enzymes exhibited therapeutic effects on ROS-induced
diseases, including I/R-induced hepatic injury, in several studies [5-8];
however, these enzymes are known to be rapidly eliminated from the
circulation following systemic administration, which limits their
therapeutic potential, [9,10] although chemical modification of antiox-
idant enzymes has been carried out to enhance their plasma half-lives
and tissue accessibility [5,6,9]. In addition, systemically administered
antioxidant enzymes might be degraded in the endosomes/lysosomes
because they are internalized into the cells via the endocytosis pathway.

The delivery of therapeutic genes encoding antioxidant enzymes
into the liver is considered to be a promising strategy to overcome these
problems. Previous studies have demonstrated that ROS-mediated
injury was efficiently prevented by over-expression of antioxidant

0168-3659/$ - see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
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enzymes in various tissues, including the artery, pancreatic islets, and
brain {11-13]. A variety of types of gene delivery vehicles have been
employed for delivery of antioxidative genes so far, and replication-
incompetent adenovirus (Ad) vectors have several advantages over
other vehicles to deliver antioxidant genes to the liver. First, Ad vectors
have high tropism to livers. A more than 10°-fold higher transgene
expression is found in the liver, compared with other organs, following
systemic administration [14-16]. Second, non-dividing cells are
efficiently transduced with Ad vectors. Hepatocytes do not actively
divide under normal conditions. Non-viral gene delivery vehicles have
been used for prevention of hepatic I/R injury in previous studies
[17,18]; however, non-viral gene delivery vehicles mediate inefficient
transfection in non-dividing cells. Third, the Ad vector genome is not
integrated into the host genome, indicating that transduction with
Ad vectors is unlikely to induce insertional mutagenesis in hepato-
cytes. Fourth, Ad vector-mediated gene expression in liver persists
for 1-2 weeks, [19,20] in contrast, rapid reduction in plasmid DNA-
mediated transgene expression in organs is found after injection of non-
viral gene delivery vehicles {21,22]. In spite of these advantages of Ad
vectors, the ability of Ad vectors expressing antioxidant enzymes to
prevent hepatic I/R injury has not been fully examined probably because
Ad vectors are generally considered more toxic than non-viral gene
delivery vehicles; however, our group demonstrated that intravenous
administration of Ad vectors induces less amounts of inflammatory
cytokines than cationic lipid/plasmid DNA complexes [23]. In addition,
fiber-modified Ad vectors carrying a stretch of lysine residues in the C-
terminus of a fiber knob have been demonstrated to poorly activate
innate immune responses after systemic injection, compared with
conventional Ad vectors [24]. These results suggest that Ad vectors,
including fiber-modified Ad vectors, would be suitable for prevention of
I/R injury by delivering antioxidant genes to livers.

Among antioxidant enzymes, SOD is often used for detoxifying ROS
in previous studies {8,17,25,26]. SOD catabolizes superoxide anion to
H,0,; however, H,0, is converted to hydroxyl radicals, which are
extremely reactive and more toxic than other ROS. H,0, should be
removed to effectively reduce I/R injury. Another antioxidant enzyme,
catalase, prevents the generation of hydroxyl radicals by catabolizing
H>0, to H>0 and O, suggesting that catalase is promising for prevention
of I/R injury. However, there are few studies reporting therapeutic
effects of catalase gene delivery on I/R injury [17,27].

In the present study, catalase-expressing Ad vectors were intrave-
nously pre-administered to prevent I/R-induced hepatic injury. Pre-
injection of catalase-expressing Ad vectors successfully prevented not
only I/R-induced hepatic injury but also CCly-induced liver damages.
Furthermore, mice receiving pre-injection of catalase-expressing Ad
vectors showed improved survival rates after partial hepatectomy
followed by hepatic I/R.

2. Materials and methods

2.1. Cells

A549 (a human lung adenocarcinoma epithelial cell line), HepG2
(a human hepatocellular liver carcinoma cell line), and 293 (a human
embryonic kidney cell line) cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
under 5% CO, at 37 °C.

2.2. Ad vectors

Ad vectors were constructed by means of an improved in vitro
ligation method [28-30]. Briefly, the LacZ gene, which is derived from
pCMVP (Marker Gene, Inc., Eugene, OR) and the catalase gene, which is
derived from pZEOSV2-CAT (a kind gift from Dr. ]. Andres Melendez,
Albany Medical College, Albany, NY) [31,32] were inserted into
pHMCADS, [33] creating pHMCA5-LacZ and pHMCA5-CAT, respectively.

pHMCA5-LacZ and pHMCAS5-CAT were then digested with I-Ceul and PI-
Scel, and ligated with [-Ceul/Pl-Secl-digested pAdHM4 [ 28], resulting in
pAdHM4-LacZ and pAdHM4-CAT, respectively. To generate the viruses,
Pacl-digested Ad vector plasmids were transfected into 293 cells plated
in a 60-mm dish with SuperFect (Qiagen, Inc., Valencia, CA) according
to the manufacturer's instructions. The viruses were prepared by
the standard method, then purified with CsCl, gradient centrifugation,
dialyzed with a solution containing 10 mM Tris (pH7.5), 1 mM MgCl,,
and 10% glycerol, and stored in aliquots at — 80 °C. The determinations
of infectious titers and virus particle (VP) titers were accomplished
using 293 cells and an Adeno-Xrapid titer kit (Clontech, Mountain View,
CA) and the method of Maizel et al. [34], respectively. Catalase-, or 3-
galactosidase-expressing fiber-modified Ad vectors carrying a stretch
of lysine residues (K7 (KKKKKKK) peptide) in the C-terminus of a fiber
knob, AdK7-CAT and AdK7-LacZ, respectively, were similarly prepared
using pAdHM41K7 [35]. The ratios of the biological-to-particle titer
were 1:20, 1:31, 1:45, and 1:39 for Ad-LacZ, AdK7-LacZ, Ad-CAT, and
AdK7-CAT, respectively.

2.3. Western blot analysis for catalase expression

A549 cells were transduced with Ad vectors at 3000 VP/cell for 2 h.
Forty-eight hours later, cells were harvested and lysed with lysis buffer
(20 mM Tris-HCl (pH 8.0), 137 mM Nacl, 1% Triton X-100, 10% glycerol)
containing protease inhibitor cocktail (Sigma Chemical., St. Louis, MO).
Equal quantities of protein (5 pg), as determined by a protein assay (Bio-
Rad, Hercules, CA), were subjected to sodium dodecyl sulfate/12.5%
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a polyvinylidene fluoride membrane (Millipore, Bedford, MA). After
blocking nonspecific binding, the membrane was incubated with anti-
catalase antibody (diluted 1/8000; Calbiochem, San Diego, CA) at room
temperature for 3 h, followed by reaction with horse radish peroxidase
(HRP)-conjugated anti-rabbit IgG (diluted 1/3000; Cell Signaling Tech-
nology, Beverly, MA) at room temperature for 1 h. The band was visu-
alized by ECL Plus Western blotting detection reagents (Amersham
Bioscience, Piscataway, NJ), and the signals were read using an LAS-3000
imaging system (Fujifilm, Tokyo, Japan). For detection of the internal
control, a polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase
antibody (diluted 1/5000; Trevigen, Gaithersburg, MD) and an HRP-
conjugated anti-rabbit IgG were used.

2.4. In vitro protective effect of catalase-expressing Ad vectors on ROS-
induced cell damage

HepG2 cells (5000 cells/well) were seeded onto a 96-well plate.
On the following day, the cells were transduced with Ad-LacZ, AdK7-
LacZ, Ad-CAT, or AdK7-CAT at 300 or 3000 VP/cell for 2 h. After a 48-
h incubation, the medium was exchanged for normal medium contain-
ing 30 mM menadione (Sigma Chemical), which is a ROS inducer. On the
following day, the cell viability was determined by Alamar blue staining
(BioSource, San Diego, CA).

2.5. Catalase activities in the liver after intravenous administration of
Ad vectors

Ad vectors (Ad-LacZ, AdK7-LacZ, Ad-CAT, and AdK7-CAT) were
intravenously administered into C57BL/6 mice (7-8-week-old females;
Nippon SLC, Shizuoka, Japan) at a dose of 1x 10'° VP/mice. Forty-eight
hours later, the livers were isolated and homogenized with 50 mM
potassium phosphate buffer containing 1 mM EDTA. The supernatants
were recovered after centrifugation of the homogenates, and catalase
activity in the supernatants was measured using a CalBiochem Catalase
Assay Kit (Calbiochem).
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2.6. Hepatic ischemia/reperfusion experiment

Mice were intravenously administered PBS (control) or Ad vectors
via the tail vein at a dose of 10'° VP/mice. A partial hepatic ischemia/
reperfusion experiment was performed as previously described
{36,37]. Briefly, 2 days post-administration of Ad vectors, mice were
anesthetized with a peritoneal injection of pentobarbital sodium
(50 mg/kg). An incision was made in the abdomen, and all structures
in the portal triad (hepatic artery, portal vein, bile duct) were
occluded with a vascular clamp for 1 h to induce hepatic ischemia.
Then, blood was allowed to flow through the liver again by removal of
the clamp (reperfusion). After an appropriate period of reperfusion (0,
1, 6,24 h), blood was collected via retro-orbital bleeding, and serum
was obtained by centrifugation. The aspartate aminotransferase (ALT)
and alanine aminotransferase (AST) activities in serum, as indicators
of liver injury during reperfusion, were assayed using a transaminase-
CII test (Wako, Osaka, Japan). In separate experiments, histology in the
liver sections was evaluated 24 h after reperfusion. The livers were
recovered and fixed by immersion in 10% buffered formalin, embedded
in paraffin and processed for histology. Tissue damage was assessed in
hematoxylin and eosin-stained sections. A sham surgery was performed
under anesthesia but without occluding the vessels.

2.7. CCly-induced liver injury experiment

Ad vectors were intravenously administered into mice as de-
scribed above. Forty-eight hours after Ad vector injection, CCly
dissolved in olive oil was intraperitoneally administrated to the
mice at a dose of 1 ml/kg body weight to induce acute liver failure.
Twenty-four hours after CCl, administration, blood was collected via
retro-orbital bleeding, and the levels of ALT and AST in the serum
were determined as described above.

2.8. Partial hepatectomy

Ad vectors were intravenously administered into mice as de-
scribed above. Forty-eight hours after Ad vector injection, mice were
anesthetized and subjected to two-thirds hepatectomy as described
previously [38,39]. Subsequently, liver I/R was conducted by occlusion
of the blood vessel to block the blood flow into the remnant liver for
8 min followed by reperfusion as described above. After the surgery,
the mice were maintained under conventional conditions to monitor
survival rates.

2.9. Statistical analysis

Results were expressed as the means 4 S.D. Statistically significant
differences between groups were determined by the two-way
analysis of variance, followed by Student's t-test. The levels of
statistical significance were set at p<0.05 and p<0.01.

3. Results

3.1. Ad vector-mediated catalase expression in vitro

First, to examine in vitro catalase expression levels following Ad
vector infection, Western blotting analysis was performed. We
observed an apparent increase in the catalase expression after
transduction with Ad-CAT or AdK7-CAT in A549 cells (Fig. 1). In
addition, AdK7-CAT mediated higher catalase expression than Ad-
CAT, probably due to the higher transduction activity of AdK7 vectors
than conventional Ad vectors [35]. The control Ad vectors, Ad-LacZ
and AdK7-LacZ, did not increase catalase expression, indicating that
transduction with Ad vectors alone does not induce any change in the
antioxidant systems.
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Next, to examine whether Ad vector-mediated over-expression of
catalase prevents ROS-induced cellular toxicity, the cells were
incubated with 30 mM menadione following transduction with Ad
vectors, and the cell viabilities were determined. It is well known that
menadione produces superoxide radicals in cells, leading to oxidative
stress-induced cell death [40,41]. As shown in Fig. 2, the cell viability
was significantly reduced to less than 50% in the presence of 30 mM
menadione. In contrast, transduction with catalase-expressing Ad
vectors dramatically improved the cell viabilities. Transduction with
Ad-CAT and AdK7-CAT at 300 VP/cell resulted in cell viabilities of
70.8% and 79.1% of the cell, respectively. These results indicate that Ad
vector-mediated over-expression of catalase is beneficial in prevent-
ing oxidative stress-induced cell death by efficiently deleting ROS.

3.2. Catalase activity in the liver following catalase-expressing Ad vector
injection

Next, to measure catalase activities in the liver following intravenous
administration of Ad vectors, the livers were recovered 48 h after Ad
vector injection, and catalase activities in the liver were determined. The
catalase activities were 2.4-fold and 4.3-fold increased following
administration of Ad-CAT and AdK7-CAT, respectively (Fig. 3). By
contrast, we found no elevation in the catalase activity by LacZ-
expressing Ad vectors. These results indicate that catalase activity in the
liver is significantly elevated by intravenous administration of catalase-
expressing Ad vectors.

3.3. Prevention of hepatic I/R injury by pre-administration of
catalase-expressing Ad vectors

To evaluate the ability of catalase-expressing Ad vectors to prevent
hepatic I/R injury, serum ALT and AST levels were measured after 1 h
of hepatic ischemia followed by reperfusion. Both serum ALT and AST
levels were highly elevated at 1h and 6 h after the reperfusion of
hepatic flows in the mice pre-injected with PBS, indicating that
hepatic injury was induced by I/R (Fig. 4). At 1 h after reperfusion, the
ALT and AST levels increased from 59.3 to 184.0 and from 421.2 to
1174.7 IU/L, respectively. However, pretreatment with Ad-CAT or
AdK7-CAT significantly reduced the serum ALT and AST levels at 6 h
after reperfusion. The ALT and AST levels in mice pre-injected with
AdK7-CAT were 3.9- and 4.4-fold lower than those in mice pre-
injected with PBS. Reductions in the ALT and AST levels were also
observed at 1 h after reperfusion, although these changes were not
statistically significant. The control Ad vectors, Ad-LacZ and AdK7-
LacZ, exhibited no suppressive effects on the I/R-induced elevation of
serum ALT and AST levels.

Furthermore, to histologically evaluate the preventive effects of
catalase-expressing Ad vectors, liver sections were prepared 24 h
after reperfusion. An extensive necrotic area was observed in the mice
pretreated with PBS or AdK7-LacZ (Fig. 5B, C). In contrast, transduc-
tion with Ad-CAT or AdK7-CAT resulted in a dramatic decrease in
the necrotic area induced by hepatic I/R (Fig. 5D, E). In particular,
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St ‘ Catalase
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Fig. 1. Catalase expression following Ad vector transduction. A549 cells were transduced
with Ad-LacZ, Ad-CAT, or AdK7-CAT at 3000 VP/cell for 2 h. Protein samples were collected
after a 48-h incubation and analyzed by Western blotting. Lane 1, mock; lane 2, Ad-LacZ;
lane 3, AdK7-LacZ; lane 4, Ad-CAT; lane 5, AdK7-CAT. The results are representative of two
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Fig. 2. Protective effects of catalase-expressing Ad vectors against menadione-induced
cell death. HepG2 cells were transduced with Ad vectors at 300 or 3000 VP/cell for 2 h.
After a 48-h incubation, menadione was added to the medium at a final concentration
of 30 mM, and the cells were cultured for an additional 24 h. The cellular viabilities
were then determined by Alamar blue staining. The cellular viabilities were normalized
to the viability of Ad vector-infected HepG2 cells in the absence of menadione. The data
are expressed as the means+S.D. (n=4). ~Significantly different from the mock-
infected group at p<0.01.

pre-injection of AdK7-CAT almost completely prevented necrosis in the
liver, although there were several small necrotic areas in the liver
pretreated with Ad-CAT, probably due to the higher transduction
efficiency and less liver toxicity profile of AdK7 vectors in the liver
compared with conventional Ad vectors [24]. A TUNEL assay indicated
that Ad-CAT and AdK7-CAT prevented the DNA fragmentation caused
by hepatic I/R in hepatocytes (data not shown). These results indicate
that the I/R-induced histological damages were also significantly
attenuated by pretreatment with catalase-expressing Ad vectors.

3.4. Preventive effect of catalase-expressing Ad vectors on CCls-induced
liver injury

To explore whether Ad vector-mediated catalase expression
prevents other types of oxidative stress-induced liver injury, CCly
was intraperitoneally injected into mice pretreated with catalase-
expressing Ad vectors. CCly is well known to produce CCl; radical,
leading to acute liver injury. Serum ALT and AST levels were highly
elevated following CCl, treatment in mice pretreated with PBS or
LacZ-expressing Ad vectors (Fig. 6). However, serum ALT and AST
levels were markedly reduced by pretreatment with Ad-CAT and
AdK7-CAT. AdK7-CAT mediated a 4.9-fold and 3.9-fold reduction in
serum ALT and AST levels, respectively, compared with PBS. Ad-CAT
and AdK7-CAT also mediated a dramatic improvement of CCly-
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Fig. 3. Catalase activity in the liver following intravenous administration of catalase-
expressing Ad vectors. Ad vectors were administered to mice at the dose of 1 x 10'° VP/mouse.
The livers were recovered 48 h after injection, and catalase activities in mouse liver
homogenates were determined. The data are expressed as the means+SD. (n=5).
“Significantly different from the mock-infected group at p<0.01.
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Fig. 4. Effects of pre-administration of catalase-expressing Ad vectors on serum ALT (A)
and AST (B) levels in mice following hepatic ischemia/reperfusion injury. Ad vectors
were intravenously administered to mice at a dose of 1x10'° VP/mice. Forty-eight
hours after Ad vector injection, mice were subjected to a 1h period of ischemia
followed by hepatic reperfusion. Serum samples were taken at 1 h before ischemia, and
0, 1,6, and 24 h after reperfusion. The data are expressed as the mean + S.E. (n = 3-8).
“Significantly different from the PBS-injected group at p<0.01.

induced gross abnormality in the liver (data not shown). These results
indicate that catalase-expressing Ad vectors possess preventive
effects on oxidative stress-induced injury that are distinct from their
effects on I/R injury.

Fig. 5. Representative images of liver sections of mice 24 h following hepatic ischemia/
reperfusion. A) Sham, B) PBS, C) AdK7-LacZ, D) Ad-CAT, and E) AdK7-CAT. Mice were
subjected to hepatic I/R 48 h after Ad vector injection, as described in Fig. 4. Livers were
recovered 24 h after I/R treatment, and liver sections stained with hematoxylin and
eosin were observed under a microscope. A dashed line indicates the necrotic area. The
scale bar represents 100 pm.
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Fig. 6. Preventive effect of catalase-expressing Ad vectors on CCls-induced acute liver
failure. CCl4 (1 ml/kg) was intraperitoneally injected to mice 48 h following Ad vector
injection. Serum samples were collected 24 h after CCl, administration. The data are
expressed as the means+S.D. (n=4). ‘Significantly different from the PBS-injected
group at p<0.05; ~ at p<0.01.

3.5. Improvement of survival rates of mice subjected to partial
hepatectomy and hepatic ischemia/reperfusion by catalase-expressing
Ad vectors

To examine whether over-expression of catalase improves the
remnant liver function in mice subjected to both partial hepatectomy
and I/R treatment, partial hepatectomy and subsequent I/R treatment
were conducted 48 h after pre-administration of Ad vectors. Partial
hepatectomy is often performed under hepatic ischemia, and the re-
maining liver suffers from I/R injury after partial hepatectomy in clinical
settings. Mice pre-administered with AdK7-CAT showed a dramatic
improvement in survival rate (Fig. 7). Seventy percent of mice survived
for 7 days after these treatments. The body weights of the mice pre-
injected with AdK7-CAT were not significantly reduced 7 days after
surgery, compared with those before surgery (data not shown), sug-
gesting that the general health of the mice was not substantially
compromised after the surgery. On the other hand, the survival of the
mice was not prolonged by pre-administration of Ad-LacZ or PBS. These
results indicate that catalase-expressing Ad vectors are able to protect
the liver from more serious stress induced by partial hepatectomy
and I/R, and to improve the remnant liver function.

4. Discussion

Hepatotoxins, drugs, and I/R can injure the liver via oxidative stress.
With the aim of efficiently preventing oxidative stress-induced hepatic
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Fig. 7. Survival rates of mice subjected to partial hepatectomy and hepatic I/R following
Ad vector administration. Solid line: PBS (n=5); dotted line: AdK7-LacZ (n=7);
dashed line: AdK7-CAT (n=11). Ad vectors were intravenously administered to mice
as described in Fig. 4. Forty-eight hours after Ad vector administration, mice were
subjected to two-thirds partial hepatectomy, followed by an 8 min-period of ischemia

injury, we pre-administered Ad vectors expressing an antioxidative
enzyme, catalase, to mice. The results of our study demonstrated that Ad
vector-mediated over-expression of catalase in the liver effectively
prevents hepatic injury caused by not only I/R but also CCly. Furthermore,
the survival rates of mice subjected to both partial hepatectomy and I/R
treatrent were prolonged by over-expression of catalase.

Superoxide anion is the primary oxidant species generated during
hepatic I/R by a xanthine oxidase system and/or decoupling of the
electron transport system in mitochondria. Superoxide anion is readily
converted to H,0, by SOD or a spontaneous reaction. H,0, itself is a
weak oxidizing agent; however, hydroxyl radical is produced by H,0, in
the presence of transition-metal ion. Hydroxyl radical has the most
oxidative ability and the strongest toxicity among the various ROS.
Reduction/elimination of hydroxyl radical is considered to be the most
effective strategy for prevention of hepatic I/R injury. Therefore,
catalase, which prevents generation of hydroxyl radical by converting
H,0, to H,0 and O,, was selected as the antioxidant enzyme in the
present study. Catalase derivatives also exhibited higher preventive
effects on the elevation of serum ALT and AST levels induced by hepatic
I/R, compared with SOD derivatives [5,6]. In addition, over-expression of
catalase in the liver might increase endogenous expression of SOD,
which is another advantage of catalase gene transfer. He et al.
demonstrated that delivery of catalase gene alone to the liver induced
SOD activity in the liver [17].

Partial hepatectomy is often performed under hepatic ischemia.
Previous studies have shown that oxidative stress induced by hepatic
I/R affects hepatocyte cell death and inhibits liver regeneration
[42,43]. Beyer et al. reported that ROS are directly responsible for the
impairment of insulin/insulin-like growth factor 1 signaling, which is
crucial for liver regeneration [44]. Furthermore, hepatocytes without
catalase activity have been found in regenerating livers after partial
hepatectomy [45], suggesting that hepatocytes in the regenerating
livers might be susceptible for ROS-mediated injury. The present
study demonstrated that over-expression of catalase in the liver
dramatically improved the survival rates of mice subjected to partial
hepatectomy and I/R, suggesting that the remnant livers would be
protected from ROS-mediated injury by over-expression of catalase.
Furthermore, over-expression of catalase might play an important
role in maintenance of the regenerative capacity of hepatocytes.
Recently, removal of ROS by antioxidant enzymes was demonstrated
to be crucial for maintenance of the self-renewal capacity of
progenitor/stem cells in an in vitro culture system [46,47]. In this
study, the liver/body weight ratio of mice pre-injected with AdK7-CAT
1 week after partial hepatectomy and I/R was 4.7 4+ 0.55%, which is not
significantly different from that of naive mice (data not shown).

Oxidative stress is also generated in the liver through metabolism of
a variety of drugs, chemicals, and toxins, such as thioacetamide, lipo-
polysaccharide, and CCly. In particular, CCl, is often used as a repre-
sentative hepatotoxin causing oxidative stress in animal experiments.
CCly is metabolized by cytochrome P450 in the endoplasmic reticulum
of hepatocytes, leading to generation of CCl; radical, which induces
hepatic damages, although the mechanism of CCl;-mediated liver
damage has not yet been fully revealed. The present study showed that
Ad vector-mediated over-expression of catalase in the liver also
attenuated CCly-induced liver injury (Fig. 6). Over-expression of SOD
has also been shown to inhibit CCly-induced hepatic damages [48].
Hepatic delivery of genes encoding ROS-deleting enzymes is effective in
case of hepatic injury induced by oxidative stress-generating hepato-
toxins and chemical compounds.

Ad vectors offer various advantages for gene delivery to the liver;
however, systemic administration of Ad vectors often induces
inflammatory cytokine production and hepatic damage [24.49-51].
However, we found no apparent Ad vector-induced damages in the
liver in this study (data not shown). Moreover, mice pre-administered
Ad-LacZ or AdK7-LacZ did not exhibit higher levels of serum ALT and
AST after I/R than those pre-administered PBS (Fig. 4). This was likely
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due to the relatively low dose of Ad vectors (1x10'° VP/mouse) used
in this study. Higher doses of Ad vectors have often been administered
in the studies reporting Ad vector-mediated in vivo toxicities {49,51].
We confirmed that more than 90% of hepatocytes were efficiently
transduced even at a dose of 1x 10'° VP/mouse in this study (data not
shown). In general, Ad vectors have been considered more toxic than
non-viral vectors containing plasmid DNA; however, our group
recently revealed that Ad vectors induced smaller amounts of inflam-
matory cytokines, which are partly involved in Ad vector-induced
hepatic toxicity, following intravenous administration into mice, com-
pared with plasmid DNA/cationic liposome complexes, which were
used as a representative of non-viral gene delivery vehicle [23]. In
both that previous study and our present work, Ad vectors suc-
cessfully deliver antioxidant genes to the liver with no apparent tox-
icity, although we should pay attention to the vector doses.

In addition to conventional Ad vectors, fiber-modified AdK7 vectors,
which display a poly-lysine motif on the c-terminal of the fiber knob,
[24,35,52] were used in this study. AdK7 vectors mediate not only
significantly higher transgene expression in the liver but also lower in
vivo damages than conventional Ad vectors [24]. However, the serum
ALT and AST levels of the mice receiving Ad-CAT and AdK7-CAT were
not significantly different from those of the controls in this study (Fig. 4),
although histological analysis of the liver sections revealed that AdK7-
CAT conferred superior protection against I/R injury (Fig. 5), probably
because sufficient levels of catalase would be expressed by Ad-CAT at
this dose to prevent hepatic I/R-induced increases in serum ALT and AST
in this setting. AdK7-CAT might show higher protective effects than
conventional Ad vectors under more severe conditions.

In conclusion, the present study demonstrated that Ad vector-
mediated catalase expression in the liver significantly improved I/R-
induced hepatic injury. These findings suggests that Ad vectors
expressing antioxidant enzymes would contribute to the development
of strategies aimed at inhibiting hepatic I/R injury. Antioxidant enzyme-
expressing Ad vectors are also applicable for the prevention of I/R-
induced injury in other organs and oxidative stress-induced damages
caused by ROS-generating chemicals. Moreover, their combined use
with other antioxidant genes or anti-apoptosis genes could further
attenuate oxidative stress-induced injury.
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Abstract

Antigen-specific mucosal immunity is generally induced by the stimulation of
inductive mucosal sites. In this study, we found that the replication-deficient
vaccinia virus vector, DIs, generates antigen-specific mucosal immunity and
systemic responses. Following intradermal injection of recombinant DIs
expressing simian immunodeficiency virus gag (rDIsSIVgag), we observed
increased levels of SIV p27-specific IgA and IgG antibodies in faecal extracts
and plasma samples, and antibody-forming cells in the intestinal mucosa and
spleen of C57BL/6 mice. Antibodies against p27 were not detected in nasal
washes, saliva, and vaginal washes. The enhanced mucosal and systemic
immunity persisted for 1 year of observation. Induction of Gag-specific IFN-y
spot-forming CD8" T cells in the spleen, small intestinal intraepithelial
lymphocytes, and submandibular lymph nodes was observed in the intra-
dermally injected mice. Heat-inactivated rDIsSIVgag rarely induced antigen-
specific humoral and T-helper immunity. Moreover, rDIsSIVgag was detected
in MHC class II IA antigen-positive (IA*) cells at the injection site. Conse-
quently, intradermal delivery of rDIs effectively induces antigen-specific
humoral and cellular immunity in gut-mucosal tissues of mice. Our data
suggest that intradermal injection of an rDIs vaccine may be useful against

mucosally transmitted pathogens.

Introduction

As most infectious agents, including human immunodefi-
ciency virus (HIV), are often transmitted via mucosal sur-
faces, a mucosal-inductive vaccine capable of eliciting
protective immunity in mucosal tissues and external
secretions would act as the first line of defence at the site
of initial invasion. For inducting preventive immunity to
HIV, a vaccine must induce anti-HIV neutralizing anti-
bodies (Ab) and/or cytotoxic T lymphocytes against
HIV-infected cells in the mucosal and submucosal areas
[1]. Parenterally immunized vaccines generally do not
enhance the levels of secretory IgA Ab production in
external secretions and are less able to induce the mucosal
immune responses needed to prevent infection at the site
of initial contact between the host and the infectious
agent [2-4].

Poxvirus vectors are among the most heavily exploited
for vaccine development. Their use is largely attributable
to the overwhelming success of the vaccinia virus vaccine
in eradicating smallpox. Because of concerns regarding

98 Journal compilation © 2010 Blackwell Publishing Ltd. Scand;

the use of a replicating vector in immunocompromised
individuals, non-replicating poxvirus vectors, such as the
modified vaccinia virus Ankara (MVA) [5], are an area of
interest for extensive development. The replication-defi-
cient vaccinia virus, DIs, is a candidate viral vector; and
it is a safe and highly attenuated mutant of the vaccinia
virus [6-9]. When recombinant DIs (tDIs) encoding for-
eign antigens (Ag) was intravenously [9, 10], intramuscu-
larly [11, 12], subcutaneously [13], or intradermally [14]
injected, Ag-specific systemic immunity was induced in
mice and non-human primates.

Activation of the inductive sites is of paramount
importance to induce Ag-specific mucosal immunity.
Intradermal and intramuscular injection of a DNA vac-
cine generates solely systemic but rarely mucosal
responses [15, 16]. The potential importance of specific
mucosal immunity in the protection against mucosally
transmitted pathogens is beginning to emerge from many
investigations. We had previously demonstrated that
intranasal or intragastrical administration of rDIs encod-
ing full-length simian immunodeficiency virus gag

© 2010 The Authors
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(rDIsSIVgag) could induce Gag-specific cytotoxic T lym-
phocytes and p27-specific Ab in both the systemic sites
and the mucosal sites of mice [17]. '

In recent clinical studies, the smallpox vaccine was
administered by skin scarification, subcutaneous, intra-
muscular, or intradermal vaccination [18-20]. Immuniza-
tion of the mice with MVA by skin scarification
protected the mice against intranasal challenge with
pathogenic Western Reserve vaccinia virus in mice, but
intramuscular immunization was ineffective [21]. Subcu-
taneous injection of rDIs was inefficient to induce Ag-
specific mucosal IgA Ab responses whereas high IgG Ab
responses were induced in the plasma [13]. DIs vaccines
are typically parenterally injected; however, mucosal
immunity has not been tested in parenterally injected
animals. An advantage of intradermal injection is that all
the materials for intradermal injection are readily avail-
able and accessible to clinicians. Therefore, we studied
whether intradermal injection of rDIs induces mucosal
immunity. Here, we describe the enhanced induction of
humoral and cellular immunity in the mucosal tissues of
mice injected intradermally with the DIs vector.

Materials and methods

Recombinant vaccinia virus vectors. ‘The production and
preparation of rDIsSIVgsg and rDIs expressing LacZ
(tDIsLacZ) as a control vector have been described in
detail previously [9, 11]. To prepare heat-inactivated
tDIsSIVgag, 10° PFU of rDIsSIVgag was incubated at
56 °C for 30 min. The PFU of heat-inactivated rDIs-
SIVgag was confirmed as < 2 by a chicken embryo fibro-
blast culture [22, 23]. These vectors were stored at
—80 °C until used.

Mice. Five-week-old C57BL/6N mice were purchased
from Charles River Japan, Inc. (Yokohama, Japan). The
mice were acclimated to the experimental animal facility
for more than -1 week before being used in the experi-
ments. They were maintained in the facility under patho-
gen-free conditions. All experimental procedures were
performed in accordance with the guidelines established
by the National Institute of Infectious Diseases, Japan.
The study was conducted in a biosafety level 2 facility
under the approval of an institutional committee for bio-
safety and in accordance with the requirements of the
World Health Organization. In cases of specification, sys-
temic vaccination against pathogenic viruses or bacteria
induced mucosal secretory IgA Ab responses in individu-
als who had previously been exposed to its pathogen by
the mucosal route [24-26]. That, of course, is negated
here because we used naive mice in this study, and p27-
specific Ab were not detected in the plasma and faecal
extracts of the mice before immunization.

Immunization. The mice were injected intradermally
at the interscapular region thrice at weekly intervals in

© 2010 The Authors
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two contiguous sites with a 25-pul aliquot of PBS con-
taining 10’ PFU per 50 pul of tDIsSIVgag or rDIsLacZ.
The mice were extensively washed with warm water,
blot-dried, and then washed and dried again to avoid
acquiring small amounts of injected rDIs through their
normal grooming activity. To compare with the muco-
sal immunization, the mice were immunized with 10°
PFU of rDIsSIVgag by the nasal route thrice at weekly
intervals according to previously described methods
[17].

Sample collection and preparation of single-cell suspen-
After immunization, blood and mucosal secretions
(faecal extracts, nasal washes, saliva, and vaginal washes)
were collected by using methods described elsewhere
[27-30]. Vaginal washes were pooled from four mice for
each experiment [30]. The collected samples were stored
at —80 °C until used. Single-cell suspensions were
obtained from the spleen, mesenteric lymph nodes
(MLN), submandibular lymph nodes (SMLN), axillary
lymph nodes (ALN), small intestinal lamina propria
(i-LP), and small intestinal intraepithelial lymphocytes
(IEL) as previously described [29].

Analysis of IFN-y production of SIV Gag peptide-specific
CD8"* T cells. To detect Gag-specific cellular immunity,
CDS8" T cells in the spleen, IEL, and SMLN of mice were
cultured with or without overlapping Gag peptide. The
methods of CD8" T cell enrichment and Gag-specific
IFN-y spot-forming cells (SFC) assessed by enzyme-
linked immunosorbent spot (ELISPOT) assay were as
described previously [17]. The number of Gag-specific
IFN-y SFC was calculated by subtracting the results of
the control culture (i.e. without Gag peptide stimulation)
from those of the peptide-stimulated culture, because
non-specific activated CD8" T cells produced IFN-y.

Detection of SIV p27-specific Ab production by ELISA and
enumeration of p27-specific Ab-forming cells by ELISPOT
assay. ‘Titres of p27-specific Ab in the plasma and
mucosal secretions were determined by an endpoint
enzyme-linked immunosorbent assay (ELISA). The end-
point titres were expressed as the last dilution that gave
an optical density at 450 nm (ODsysp) of 2 0.1 OD units
above the ODys, of the negative controls [17]. SIV p27-
specific IgA, IgG, and IgM Ab-forming cells (AFC) in
the spleen, i-LP, and MLN of mice were determined by
ELISPOT assay. SIV p27-specific AFC were quantitated
with the aid of a stereomicroscope [17].

Cytokine production of SIV Gag peptide-specific CD4™ T
cells. Overlapping Gag peptide-specific helper immunity
of CD4"* T cells in the spleen of mice was measured by
ELISA. The methods of CD4" T-cell purification and cul-
ture conditions were as described previously [17]. The
levels of IFN-7y, IL-4, and IL-10 were measured by ELISA
kit (eBioscience, San Diego, CA, USA). The levels of
Gag-specific IFN-y, IL-4, and IL-10 in the culture super-
natants were calculated by subtracting the results of the

sions.

Journal compilation © 2010 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 72, 98-105

— 147 —



100 Intradermal Injection and Mucosal Immunity

control cultures from those of the Gag peptide-stimu-
lated cultures.

Isolation of IA™ cells in the skin. Twenty-four hours
after the intradermal injection of 10’ PFU rDIsSIVgag,
the mice were shaved at the vaccinal locus with a razor.
The skin was then removed and cut to approximately
1 X 1 cm? of the vaccinal locus. MHC class II IA anti-
gen-positive (IA™) cells were isolated from the skin by
enzymatic dissociation protocols [31]. The epidermal cells
were incubated with anti-I-A® monoclonal Ab (AF6-
120.1; Becton Dickinson, San José, CA, USA). IA" cells
were isolated by auto MACS (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). The purified fractions
included > 97% IA" cells.

Preparation of DNA samples and amplification of SIV gag
gene by nested PCR. For determining the distribution
of tDIsSIVgag, a nested PCR was used to amplify a frag-
ment of the gag gene segment. DNA samples were pre-
pared from the skin, skin IA" cells, ALN, SMLN, Peyer’s
patches (PP) and spleen. The preparation, amplification
methods, and primer sequences are described elsewhere
[17, 32]. The lowest concentration of plasmid SIV DNA
detectable with this PCR method in the first amplifica-
tion with an outer gag primer pair was 10° copies. Upon
further amplification with nested/internal gag primers, a
single copy of plasmid DNA could be routinely detected
[32].

Statistical anmalysis.  Normally distributed variables
were compared by the two-tailed Student’s #-test, and the
results are expressed as the mean + the standard devia-
tion (SD). Non-normally distributed variables were com-
pared by the two-tailed Mann—Whitney U test, and the
results are expressed as the median and the interquartile
range (IQR). A P value < 0.05 was considered signifi-
cant.

Results

Cellular and humoral immunity by intradermal injection
of rDIs

The first step was to assess whether intradermal injection
of rDIsSIVgeg induces Gag-specific IFN-y-producing
CD8" T cells in mucosal and systemic tissues. Although
the BCG vector itself non-specifically enhances the levels
of some cytokines [33], the DIs empty vector and rDIs-
LacZ scarcely stimulated IFN-y-production, and the
number of IFN-y SFC per 10° cells was less than 32 in
intradermally injected mice [14] and intramuscularly
injected non-human primates [12] in our previous stud-
ies. Moreover, the calculated number of Gag-specific
IFN-y SEC from naive mice was < 15 per 10° CD8* T
cells. A calculated number of SFC above 15 was consid-
ered positive. The number of Gag-specific IFN-y SFC in
the spleen in the intradermal injection group was signifi-
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cantly higher than that of the mice immunized intrana-
sally with the same dose of rDIsSIVgag. Conversely, the

" number of IFN-y SFC in the IEL of the mice injected

intradermally was significantly lower than that of the
intranasally immunized mice. There was no significant
difference in the SMLN between the intradermally
injected group and the intranasally immunized group
(Fig. 1). Gag-specific IFN-y-producing CD8" T cells
were apparent in both mucosal and systemic tissues in
the intradermally injected mice.

Ag-specific Ab, especially secretory IgA Ab in mucosal
secretions, have been shown to be of central importance
for host defence [1, 34]. We assessed the Ab response to
p27 in the plasma and faecal extracts of immunized mice
at 1 week after the last immunization. Intradermal injec-
tion of rDIsSIVgag induced p27-specific IgG Ab in the
plasma, and p27-specific IgA Ab in the faecal extracts in
six of the eight (75%) mice at 1 week after the last intra-
dermal injection. Remarkably, the titres of p27-specific
IgA Ab in the faecal extracts of mice immunized intrader-
mally or intranasally with rDIsSIVgag were roughly
equivalent (Fig. 2). However, p27-specific IgA Ab were
not detected in the nasal washes, saliva, and vaginal
washes of intradermally injected mice (data not shown).
The p27-specific IgG and IgA Ab titres in the plasma and
faecal extracts from the mice intradermally injected with
rDIsLacZ (negative controls) were less than the detection
limit on endpoint ELISA among (data not shown).

Intragastric immunization with tDIsSIVgzg has been
reported to induce p27-specific IgA Ab in the faecal
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Figure 1 Intradermal injection of rDIsSIVgag induced SIV Gag-specific
IFN-y-secreted CD8" T cells in both mucosal tissues and systemic tis-
sue. CD8" T cells were isolated one week after the last injection from
the spleen, IEL, and SMLN of the mice injected intradermally (closed
column) or intranasally (open column) with 10° PFU of DIsSIVgag.
IFN-y production was assessed by ELISPOT assay. The number of Gag-
specific IFN-y SFC was calculated by subtracting the results of the con-
trol culture from those of the peptide-stimulated culture. The data are
shown as the mean number of SFC per 10° CD8* T cells + SD for
eight mice in each group and are representative of two separate experi-
ments. Each group was compared by two-tailed Student’s #-test. Signifi-
cant differences between the intranasal group and the intradermal group
are indicated with an asterisk (*P < 0.05, **P < 0.005).
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Figure 2 Intradermal injection of rDIsSIVgag induced SIV p27-specific
Ab in the plasma. The mice were killed one week after the last immu-
nization. The titres of p27-specific IgG Ab in the plasma and IgA Ab
in the faecal extracts of the mice injected intradermally or intranasally
with 10° PFU of rDIsSIVgag were determined by ELISA. Each dot rep-
resents an individual mouse. The horizontal and vertical bars indicate
the mean + SD for eight mice in each experimental group and are rep-
resentative of two separate experiments. The titre of the IgG Ab in the
plasma of each group was compared by two-tailed Student’s #-test, and
the titre of the IgA Ab in the faecal extracts of each group was com-
pared by the two-tailed Mann—Whitney U test.

extracts of mice at 1 week after the last immunization
[17). IgA Ab against p27 were detected in four of the
eight (50%) mice that were intragastrically administered
10° PFU of rDIsSIVgag, and the range of the IgA Ab
titre was < 2—32 [17]. The statistical significance of the
differences among the three groups was assessed using
Kruskal-Wallis test (P = 0.6818). We found that intra-
dermal injection of rDIsSIVgag induced p27-specific IgA
Ab in the faecal extracts at similar titres as observed after
intranasal and intragastric immunization among mice
receiving the same dose.

We also assessed the number of p27-specific AFC
induced in the i-LP, MLN, and spleen after intradermal
injection of rDIsSIVgag. We found clear evidence of p27-
specific IgA AFC in the i-LP of the mice injected intra-
dermally with rDIsSIVgag. The AFC were detected in the
i-LP and MLN of mice intradermally injected with rDIs-
SIVgag, with similar levels of the IgA AFC observed for
intranasal group receiving the same dose. Only the num-
ber of p27-specific IgG AFC in the spleen significantly
differed among the intradermal and intranasal groups
(Fig. 3). No p27-specific AFC were detected in the tested
tissues of the mice intradermally injected with rDIsLacZ
(data not shown).

Assessment of long-lasting p27-specific Ab production by
intradermal rDls injection

As long-lived memory B and T cells are responsible for
the long-lasting immunity elicited by smallpox vaccina-
tion in humans [35, 36], we investigated the duration of
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Figure 3 Intradermal injection of rDIsSIVgag induced SIV p27-specific
AFC in the mucosal and systemic tissues. The mice were killed one
week after the last immunization. The levels of p27-specific IgA, IgG,
and IgM AFC in the i-LP, MLN, and spleen of the mice injected intra-
dermally (closed column) or intranasally (open column) with 10° PFU
of rDIsSIVgag were determined by ELISPOT assay. The data are shown
as the mean number of AFC per 10° cells + SD for eight mice and
representative of two separate experiments. The number of AFCs in the
tissues of each group was compared by two-tailed Student’s z-test.

p27-specific long-lasting humoral immune responses in
the systemic and mucosal sites of the mice intradermally
injected with rDIsSIVgag. 1 week after the last injection,
titres of p27-specific IgG Ab were detected in the plasma
and peaked at 17-25 weeks. Thereafter, the Ab titres
were maintained in the plasma until 49 weeks of testing
(~ 1 year) without further boosting (Fig. 4A). Interest-
ingly, p27-specific [gM Ab were observed in the plasma
of these mice throughout the 1-year period (Fig. 4A).
The levels of p27-specific IgA Ab did not correlate with
those of IgG and IgM Ab; increases in p27-specific IgA
Ab titres were observed until 11 weeks after the last
injection. After peaking, IgA Ab were barely detected in
the plasma for 1 year, and the mean titre of IgA Ab in
the intradermally injected mice declined to a value
between 22 and 56 (Fig. 4A).

After that p27-specific IgA Ab were detected in the
faccal extracts from six of eight mice at 1 week; these Ab
were detected in the faecal extracts of all the mice at 11
and 25 weeks. Moreover, the Ab in the faecal extracts
were detected after approximately 1 year in four of eight
(50%) mice (Fig. 4B). Although p27-specific IgG Ab in
the faecal extracts were also detected at 1 week after the
last injection, they were not observed at 25 and 49 weeks

(Fig. 4B).

Intradermal injection of heat-inactivated rDls

Mice were intradermally injected with live or heat-inacti-
vated DIsSIVgag and killed at 1 week after the last
injection. The mean number of p27-specific IgA AFC in
the i-LP of the mice intradermally injected with live and
heat-inactivated tDIsSIVgag was 788.4 and 12.5 AFC per
10° cells, respectively. SIV p27-specific AFC in all the
assessed tissues were scarcely induced in the mice injected
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Figure 4 Intradermal injection of rDIsSIVgag induced long-lasting
humoral immune responses. The mice were intradermally injected with
10° PFU of rDIsSIVgag. Plasma p27-specific IgG, IgM, and IgA Ab (A)
and IgA and IgG Ab in faecal extracts (B) were determined by an end-
point ELISA. Plasma Ab are shown as the mean titres + SD for eight
mice. Faecal pellets were collected at 1, 11, 25, and 49 weeks after the
last injection. Each dot in (B) represents an individual mouse. The hori-
zontal and vertical bars indicate the median and IQR. The data are rep-

resentative of two separate experiments.

with inactivated rDIsSIVgag (Fig. 5A). Furthermore, we
assessed the Gag-specific T helper (Thl)-type and Th2-
type responses. Intradermal injection of live rDIsSIVgag
resulted in effective helper T-cell responses. In contrast,
Gag-specific Th2-type responses (IL-4 and IL-10) in the
mice injected with inactivated rDIsSIVgsg were signifi-
cantly lower than those in the mice injected with live
tDIsSIVgag. Further, Thl-type responses (IFN-y) were
not detected in the mice injected with inactivated rDIs-
SIVgag (Fig. 5B).

Distribution of rDIs following intradermal injection

The skin is the ideal site for vaccination because of the
presence of Ag-presenting cells such as the Langerhans
cells (LC) and dermal dendritic cells (DC) expressing IA
MHC class II antigen [37]. When the mice were killed
at 1 day after intradermal injection, the gag gene was
detected in the skin around the injection site. The gene
was also detected in the IA™ cells isolated from the skin
injected with rDIsSIVgag. In the lymphoid tissues, the
gag gene was detected in the ALN and SMLN of six of
the eight (75%) mice. However, the gene was not
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Figure 5 Intradermal injection of heat-inactivated rDIsSIVgag did not
induce SIV Gag-specific immunity. (A) The mice were intradermally
injected with 10° PFU of rDIsSIVgag (closed column) or heat-inacti-
vated tDIsSIVgag (open column) and were killed 1 week after the last
injection. The levels of p27-specific IgA and IgG AFC in the i-LP,
MLN, and spleen were determined by ELISPOT assay. (B) CD4" T cells
were isolated from the spleen 1 week after the last injection. Culture
supernatants were harvested and then analysed by ELISA for the produc-
tion of IFN-y, IL-4, and IL-10. The data are shown as the mean number
of AFC per 10% cells or the mean concentration of cytokines + SD for
eight mice in each experimental group and are representative of two
separate experiments. Each group was compared by two-tailed Student’s
t-test. Significant differences between the live tDIs group and the heat-
inactivated rDIs group are indicated with an asterisk (*P < 0.05,
**P < (0.005). ND: not detected.

detected in the spleen and PP of mice by nested PCR at
this time point (Fig. 6).

Discussion

We have demonstrated here that intradermal injection
of tDIs could induce Ag-specific immune responses
detectable in both the mucosal tissues and systemic tis-
sue of mice. The longevity and stability of immune
memory is one of the key factors in vaccine develop-
ment. In this study, p27-specific IgA Ab in the faecal
extracts and plasma IgG Ab immune responses persisted
for 1 year of observation. Moreover, IgM Ab against
p27 in the plasma were detected throughout the period
of Ab monitoring. However, the mechanism governing
prolonged p27-specific Ab induction including the IgM
subclass has yet to be elucidated. We theorize that suffi-
cient quantities of Gag were continuously produced in
the mice to reactivate IgM Ab production in the
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Figure 6 Distribution of rDIsSIVgag in the intradermally injected
mice. The mice were intradermally injected with 10’ PFU of rDIs-
SIVgag and killed 1 day after injection. The gag gene was assessed in
the skin, IA" cells, ALN, SMLN, PP, and spleen by nested PCR. The
gene was detected in the skin and IA" cells of all eight mice, in the
ALN and SMLN of six mice, but never in the PP and spleen. Amplifi-
cation with the first-round primers resulted in a band at 613 bp and
amplification with the nested primers resulted in a band at 405 bp.

absence of viral replication and reinfection, although we
did not assess long-lasting rDIs vector persistence in the
mucosal tissues.

Intradermal injection of tMVA induced Ag-specific
IgA Ab in faecal extracts and lung washes [38]. It is
important to consider that plasma-derived transport of
dimeric or polymeric IgA Ab from the systemic circula-
tion into the gut via hepatobiliary transport can influence
the titre of IgA Ab in faecal extracts, because of a large
portion of murine gut IgA Ab is derived from blood
rather than mucosal production [39-41]. Our previous
study had showed that intragastric immunization with
tDIsSIVgag induced p27-specific IgA AFC in i-LP (mean
number of IgA AFC, 1994 + 317) [17]. The number of
p27-specific IgA AFC in the i-LP of mice intradermally
immunized rDIsSIVgag was significantly lower than that
in the intragastric group (P = 0.0041). However, the
titres of p27-specific IgA Ab in the faecal extracts of
mice immunized intradermally or intragastrically with
tDIs were roughly equivalent (P = 0.645). Oral immuni-
zation induces substantial Ab responses in the small
intestine [42, 43]. Intranasal immunization evokes Ab
responses in the upper airway mucosa and regional secre-
tions, but not in the gut [44, 45]. Although we could
not determine which mucosal tissue(s) produce large
amounts of dimeric or polymeric IgA Ab against specific
Ag by intradermal injection, our findings validate the
notion that intradermal injection of rDIs induces a good
level of Ag-specific IgA Ab in the intestinal mucosa.

In this study, the mechanism(s) underlying the induc-
tion of immune responses against foreign Ag at mucosal
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sites by the intradermal injection of the rDIs vector was
unclear. The gag gene was detected in IA" cells isolated
from skin injected with rDIsSIVgag; heat-inactivated
rDIsSIVgag rarely induces Ag-specific immune responses.
These findings may be key in elucidating the above-men-
tioned mechanism of
Further, intradermal passive transfer of rDIsSIVgag-
infected IA™ cells induced intestinal mucosal immunity
against p27 (unpublished data). These findings suggest
that IA* LC and/or dermal DC may be one of the
responsible cells for the induction of gut-mucosal immu-
nity, and immune induction may require an activared
molecular viral life cycle of rDls.

Intradermal and intranasal immunization with rDIs-
SIVgag induced Gag-specific IFN-y SFC in SMLN.
SMLN contribute to the mucosal immune responses [46,
47] and are one of the secondary lymphoid tissues for
mucosal immunity on intranasal immunization [48]. The
gag gene was detected in the SMLN; however, it remains
to be confirmed whether LC, DC, and/or other skin
immunity-associated cells [49-52] transfer the rDIs-
SIVgag into draining SMLN. In a study of transcutaneous
immunization, langerin® DC in MLN were found to play
a key role in the mutual relationship between the skin
immune system and the gut immune system [53]. The
gag gene was also detected in the ALN. The ALN might
be one of the regional LNs in mice injected intradermally
in the interscapular region, and systemic immune
responses might be activated in the ALN. To investigate
the association between intradermal injection and gut
mucosa, activated lymphocytes and Ag-presenting cells in
the draining LNs of mice should be assessed in future
studies.

In conclusion, this study has shown that intradermal
delivery of a recombinant vaccinia virus vector, DIs,
induces gut-mucosal immunity in mice. However, the
observed titres of IgA Ab in the faecal extracts and IgG
Ab in the plasma of the mice injected with rDIs alone
were not very high. Further, there is no conclusive evi-
dence whether intradermal injection of rDIs provides ade-
quate specific immunity against mucosally transmitted
pathogens at mucosal sites. Within the limitations of our
study, however, we have shed light on the intradermal
route of rDIs injection to induce mucosal immunity and
provided an important step towards the development of
an effective intradermal rDIs vaccine against mucosally
transmitted agents.

immune response induction.

Acknowledgment

This work was supported by the Human Science Founda-
tion of Japan, and the Japanese Ministry of Health,
Labor, and Welfare. A part of this work was supported
by a grant from the Keiryokai Research Foundation (No.
94). The authors declare no conflict of interest.

Journal compilation © 2010 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 72, 98-105

— 161 —



104 Intradermal Injection and Mucosal Immunity

References

1

10

11

12

13

14

15

16

17

18

19

Letvin NL. Progress and obstacles in the development of an AIDS
vaccine. Nat Rev Immunol 2006;12:930-9.

Ogra PL, Karzon DT, Righthand F et /. Immunoglobulin response
in serum and secretions after immunization with live and inacti-
vated poliovaccine and natural infection. N Eng/ | Med
1968;279:893-900.

Ogra PL, Chiba Y, Beutner KR, Morag A. Vaccination by non-par-
enteral routes: characteristics of immune response. Dev Biol Stand
1976;33:19-26.

Kiyono H, Czerkinsky C. Consideration of mucosally induced toler-
ance in vaccine development. In: Kiyono H, Ogra PL, McGhee JR,
eds. Mucosal Vaccine. San Diego: Academic Press, 1996:89-101.
ISBN: 0-12-410580-7

Moss B. Genetically engineered poxviruses for recombinant gene
expression, vaccination, and safety. Proc Natl Acad Sci USA
1996;93:11341-8.

Tagaya I, Kitamura T, Sano Y. A new mutant of dermovaccinia
virus. Nature 1961;192:381-2.

Kitamura T, Kitamura Y. Interference with the growth of vaccinia
virus by an attenuated mutant virus. Jpn J Med Sci Biol
1963;16:343-57.

Kitamura T, Kitamura Y, Tagaya I. Immunogenicity of an attenu-
ated strain of vaccinia virus on rabbits and monkeys. Nature
1967;215:1187-8.

Ishii K, Ueda Y, Matsuo K et @/ Structural analysis of vaccinia
virus DIs strain: application as a new replication-deficient viral vec-
tor. Virology 2002;302:433—44.

Ami Y, Izumi Y, Matsuo K e &/ Priming-boosting vaccination
with recombinant Mycobacterium bovis Bacillus Calmette-Guérin and
a nonreplicating vaccinia virus recombinant leads to long-lasting
and effective immunity. J Virol 2005;79:12871-9.

Someya K, Xin KQ, Matsuo K e /. A consecutive priming-boost-
ing vaccination of mice with simian immunodeficiency virus (SIV)
gag/pol DNA and recombinant vaccinia virus strain DIs elicits effec-
tive anti-SIV immunity. J Virol 2004;78:9842-53.

Someya K, Ami Y, Nakasone T e a/. Induction of positive cellular
and humoral immune responses by a prime-boost vaccine encoded
with simian immunodeficiency virus gag/pol. ] Immunol
2006;176:1784-95.

Ishii K, Hasegawa H, Nagata N & 4/. Induction of protective
immunity against severe acute respiratory syndrome coronavirus
(SARS-CoV) infection using highly attenuated recombinant vaccinia
virus DIs. Virology 2006;351:368-80.

Okamura T, Someya K, Matsuo K, Hasegawa A, Yamamoto N,
Honda M. Recombinant vaccinia DIs expressing simian immunode-
ficiency virus gag and pol in mammalian cells induces efficient cel-
lular immunity as a safe immunodeficiency virus vaccine candidate.
Microbiol Immunol 2006;50:989-1000.

McCluskie MJ, Davis HL. Novel strategies using DNA for the
induction of mucosal immunity. Crit Rev Immunol 1999;19:303—
29.

Stevceva L, Abimiku AG, Franchini G. Targeting the mucosa:
genetically engineered vaccines and mucosal immune responses.
Genes Immun 2000;1:308-15.

Yoshino N, Kanekiyo M, Hagiwara Y et @/. Mucosal administration
of completely non-replicative vaccinia virus recombinant Dairen I
strain elicits effective mucosal and systemic immunity. Scand J
Immunol 2008;68:476-83.

Frey SE, Newman FK, Yan L, Lottenbach KR, Belshe RB. Response
to smallpox vaccine in persons immunized in the distant past.
JAMA 2003;289:3295-9.

Greenberg RN, Kennedy JS, Clanton DJ e 4/. Safety and immuno-
genicity of new cell-cultured smallpox vaccine compared with calf-

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

N. Yoshino et al.

lymph derived vaccine: a blind, single-centre, randomised controlled
trial. Lancet 2005;365:398—409.

Kennedy ]S, Greenberg RN. IMVAMUNE: modified vaccinia
Ankara strain as an attenuated smallpox vaccine. Expert Rev Vaccines
2009;8:13-24.

Liu L, Zhong Q, Tian T, Dubin K, Athale SK, Kupper TS. Epider-
mal injury and infection during poxvirus immunization is crucial
for the generation of highly protective T cell-mediated immunity.
Nat Med 2010;16:224-7.

Tagaya I, Amano H, Yuasa T. Improved plaque assay of a mutant
of vaccinia virus, strain DIs, in chick embryo cell cultures. Jpn J
Med Sci Biol 1974;27:245-7.

Morita M, Aoyama Y, Arita M et a/. Comparative studies of several
vaccinia virus strains by intrathalamic inoculation into cynomolgus
monkeys. Arch Virol 1977;53:197-208.

Svennerholm AM, Holmgren J, Hanson LA, Lindblad BS, Quereshi
F, Rahimtoola R]. Boosting of secretory IgA antibody responses in
man by parenteral cholera vaccination. Scand ]  Immunol
1977;6:1345-9.

Svennerholm AM, Hanson LA, Holmgren J, Lindblad BS, Nilsson
B, Quereshi F. Different secretory immunoglobulin A antibody
responses to cholera vaccination in Swedish and Pakistani women.
Infect Immun 1980;30:427-30.

Svennerholm AM, Hanson LA, Holmgren ] & a4/ Antibody
responses to live and killed poliovirus vaccines in the milk of Paki-
stani and Swedish women. J Infect Dis 1981;143:707-11.

Wu HY, Russell MW. Induction of mucosal immunity by intrana-
sal application of a streptococcal surface protein antigen with the
cholera toxin B subunit. Infect Immun 1993;61:314-22.

Tamura S, Miyata K, Matsuo K 7 2/. Acceleration of influenza virus
clearance by Th1l cells in the nasal site of mice immunized intrana-
sally with adjuvant-combined recombinant nucleoprotein. J Immunol
1996;156:3892-900.

Moldoveanu Z, Fujihashi K. Collection and processing of external
secretions and tissues of mouse origin. In: Mestecky J, Lamm
ME, McGhee JR, Bienenstock J, Mayer L, Strober W, eds. Muco-
sal Immunology, 3rd edn. San Diego: Academic Press, 2005:1841—
52.

Yoshino N, Fujihashi K, Hagiwara Y e @/ Co-administration of
cholera toxin and apple polyphenol extract as a novel and safe
mucosal adjuvant strategy. Vacine 2009;27:4808-17.

Schuler G, Steinman RM. Murine epidermal Langerhans cells
mature into potent immunostimulatory dendritic cells in wvitro. J
Exp Med 1985;161:526-46.

Unger RE, Marthas ML, Lackner AA & a/. Detection of simian
immunodeficiency virus DNA in macrophages from infected rhesus
macaques. | Med Primatol 1992;21:74-81.

Pelizon AC, Martins DR, Zorzella-Pezavento SFG et 4/, Neonatal
BCG immunization followed by DNAhsp65 boosters: highly
immunogenic but not protective against tuberculosis — a paradoxical
effect of the vector? Scand J Immunol 2010;71:63-9.

Brandtzaeg P. Mucosal immunity: induction, dissemination, and
effector functions. Scand J Immunol 2009;70:505-15.

Crotty S, Felgner P, Davies H, Glidewell J, Villarreal L, Ahmed R.
Cutting edge: long-term B cell memory in humans after smallpox
vaccination. J Immunol 2003;171:4969-73.

Combadiere B, Boissonnas A, Carcelain G ¢ 4/ Distinct time
effects of vaccination on long-term proliferative and IFN-y-produc-
ing T cell memory to smallpox in humans. J Exp Med
2004;199:1585-93.

Romani N, Ratzinger G, Pfaller K er 2/. Migration of dendritic cells
into lymphatics-the Langerhans cell example: routes, regulation, and
relevance. Int Rev Cytol 2001;207:237-70.

Wyatt LS, Belyakov IM, Earl PL, Berzofsky JA, Moss B. Enhanced
cell surface expression, immunogenicity and genetic stability result-

© 2010 The Authors

Journal compilation © 2010 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 72, 98—105

1562




39

40

41.

42

43

. Yoshino et al.

ing from a spontaneous truncation of HIV Env expressed by a
recombinant MVA. Virology 2008;372:260-72.

Vaerman JP, Langendries A, Giffroy D, Brandtzaeg P, Kobayashi
K. Lack of SC/pIgR-mediated epithelial transport of 2 human poly-
meric IgA devoid of J chain: in vitro and in vive studies. Immunology
1998;95:90-6.

Meckelein B, Externest D, Schmidt MA, Frey A. Contribution of
serum immunoglobulin transudate to the antibody immune status
of murine intestinal secretions: influence of different sampling pro-
cedures. Clin Diagn Lab Immunol 2003;10:831-4.

Brandtzaeg P. Induction of secretory immunity and memory at
mucosal surfaces. Vaccine 2007;25:5467-84.

Quiding M, Nordstréom I, Kilander A e 4/ Intestinal immune
responses in humans. Oral cholera vaccination induces strong intes-
tinal antibody responses and interferon-gamma production and
evokes local immunological memory. J Clin Invest 1991;88:143-8.
Kozlowski PA, Cu-Uvin S, Neutra MR e 2/. Comparison of the
oral, rectal, and vaginal immunization routes for induction of anti-
bodies in rectal and genital tract secretions of women. Infect Immun
1997;65:1387-94.

Johansson EL, Bergquist C, Edebo A e /. Comparison of different
routes of vaccination for eliciting antibody responses in the human
stomach. Vaccine 2004;22:984-90.

© 2010 The Authors
Journal compilation © 2010 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 72, 98-105

45

46

47

48

49

50

51

52

53

Intradermal Injection and Mucosal Immunity 105

Johansson EL, Wassén L, Holmgren J ef /. Nasal and vaginal vacci-
nations have differential effects on antibody responses in vaginal
and cervical secretions in humans. Infect Immun 2001;69:7481-6.
Mestecky J. The common mucosal immune system and current
strategies for induction of immune responses in external secretions.
J Clin Immunol 1987;7:265-76.

Kiyono H, Fukuyama S. NALT- versus Peyer’s-patch-mediated
mucosal immunity. Nat Rev Immunol 2004;4:699-710.

Fujihashi K, Staats HF, Kozaki S, Pascual DW. Mucosal vaccine
development for botulinum intoxication. Expert Rev Vaccines
2007;6:35-45.

Streilein JW. .Skin-associated lymphoid
1989;46:73-96.

Sontheimer RD. Perivascular dendritic macrophages as immunobio-
logical constituents of the human dermal microvascular unit. J
Invest Dermatol 1989;93:965-1018.

Bos JD, Kapsenberg ML. The skin immune system: progress in
cutaneous biology. Immunol Today 1993;14:75-8.

Nestle FO, Nickoloff BJ. A fresh morphological and functional look
at dermal dendritic cells. J Cutan Pathol 1995;22:385-93.

Chang SY, Cha HR, Igarashi O e 4/. Cutting edge: Langerin® den-
dritic cells in the mesenteric lymph node set the stage for skin and
gut immune system cross-talk. J Immunol 2008;180:4361-5.

tissue. Immunol Ser

1563 —



