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Abstract

Vectors for gene expression are the essential tools for both gene therapy and basic research. There are two groups of gene therapy vectors, viral
and non-viral vectors. At present, toxicity triggered by vectors is one of the major concerns for clinical trials. In general, non-viral vectors, such as
plasmid DNA~—cationic liposome complex (lipoplex), are thought to be safer than viral vectors, such as adenovirus (Ad) vector, although lipoplex
is less efficient in term of gene expression than the Ad vector. However, there has been no study directly comparing the gene expression efficiency
and safety of viral and non-viral vectors. Here, we present evidence that the Ad vector shows much more efficient gene expression and is safer
than lipoplex, at least with respect to the innate immune response. After being systemically administered to mice, the Ad vector showed a
transduction efficiency that was 2 to 5 log orders higher than that of lipoplex, depending on the organ. On the other hand, surprisingly, the
administration of lipoplex produced a greater amount of inflammatory cytokines such as interleukin-6, interleukin-12, and tumor necrosis factor-o
than did the administration of the Ad vector, whereas a comparable level of hepatotoxicity was induced by these vectors. The production of
inflammatory cytokines induced by the injection of lipoplex was reduced when the CpG motifs were removed completely from plasmid DNA.

Thus, care should be taken to ensure the innate immune response induced by gene therapy vectors, especially lipoplex.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Vectors for gene expression are requisite tools not only for
gene therapy but also for basic research, such as the functional
analysis of novel genes. The success of gene therapy is largely
dependent on gene delivery vectors, which can be categorized
into two groups, viral and non-viral vectors [1]. The viral
vectors, such as the adenovirus (Ad) vector, have great
advantages such as high-level gene expression in a broad
range of tissue, but such vectors are thought to lack safety
because they are based on a pathogenic virus [2,3]. Another
problem is that some kinds of viral vectors have an oncogenic
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function. Retrovirus and lentivirus vectors, which can insert
foreign genes into the host DNA in a random manner,
sometimes leads to canceration [4]. On the other hand, non-
viral vectors based on plasmid DNA are thought to be safe even
though their transduction efficiency is low [2].

Viruses are highly developed agents specialized in infection
and the transfer of genetic material to the cells of other
organisms, because infecting the host cells is an essential stage
in their life cycle. On the other hand, the immune systems of
mammals have evolved to counterattack the efforts of viral
pathogens [5]. One of the viral vectors, the Ad vector, has
several advantages, including the ability to package relatively
large-sized foreign DNA, the ease with which it can be
produced, and broad cell tropism [5,6]. However, many studies
have shown that systemic administration of Ad vectors
immediately triggers the innate immune response to elicit an
acute inflammation, such as occurs with the secretion of
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inflammatory cytokines and tissue injury [5,7,8]. Because of
these problems with viral vectors, non-viral vectors have gained
increasing attention recently {1]. Among the non-viral vectors,
the lipoplex (complexes of cationic liposome/ plasmid DNA) is
the most studied and represents the most promising approach
for human clinical trials [2]. However, the utility of non-viral
vectors is often limited because of their low level and narrow
range of exogenous gene expression [9,10]. As in the case of
viral vectors, the production of inflammatory cytokines and
tissue damage have been reported to be induced by the systemic
injection of lipoplex even though it contains no viral
components [11-15]. It has been shown that the immunosti-
mulatory CpG motifs present in plasmid DNA are responsible
for a significant portion of this acute response [16]. Plasmid
DNA and bacterial DNA contain a much higher frequency of
unmethylated CpG motifs than does mammalian DNA [11,15-
17]. Toll-like receptor (TLR) 9 has been identified as the
receptor involved in the recognition of immunostimulatory CpG
motifs [18]. TLRY is a member of the family of TLRs, which
play a critical role in innate immunity. Ten family members
have been identified so far, and they appear to activate NF-«B,
leading to the production of inflammatory cytokines {15,18,19].

Although both viral and non-viral vectors have pathogenic
profiles, no study has directly compared the transduction
efficiency, especially in vivo, and safety of these vectors. Thus,
we performed a comparative study of the transduction
efficiency and the level of production of inflammatory
cytokines after systemic injection of the Ad vector or lipoplex
into mice.

2. Materials and methods
2.1. Plasmids and adenovirus vectors

The plasmid vector, pPCMVLI, and the Ad vector, Ad-L2,
which were constructed to express luciferase under the
transcriptional control of the cytomegalovirus (CMV) promoter
and bovine growth hormone (BGH) polyadenylation signal,
were described previously [20-22]. pCpG-mcs was purchased
from Invivogen (San Diego, CA).

pCMVL1 and pCpG-mes were amplified in DH5« and
GT115, respectively, and isolated by using EndoFree Plasmid
Mega Kit (QIAGEN, Valencia, CA). The concentration of
lipopolysaccharide (LPS) in DNA solution was measured using
the Limulus HS-F Single Test (Wako, Osaka, Japan). The
amount of LPS in the DNA solution was <0.1 Endotoxin unit/
pg DNA, which is the amount endorsed by QIAGEN.

Ad-L2 was amplified in 293 cells; and purified by CsCl,
gradient centrifugation; dialyzed with a solution containing
10 mM Tris (pH 7.5), 1 mM MgCl,, and 10% glycerol; and
stored in aliquots at —70 °C. Virus particle titer was measured
spectrophotometrically as described previously [23].

2.2. Preparation of DOTAP/Chol liposome and lipoplex

DOTAP/Chol liposome and lipoplex were prepared by a
modification of the method used by Li et al. [12]. Briefly, an

appropriate amount of DOTAP (AVANTI Polar Lipids,
Alabastar, Al) was mixed with cholesterol in chloroform at
the molar ratio of 1:1. The organic solvent was evaporated to
make the dried lipid film. The dried films were then hydrated in
5% dextrose solution under a 37 °C water bath to make
liposome solution. The liposome solution was sonicated for 1-
2 min before the lipoplex was prepared. To prepare the lipoplex,
plasmid DNA was diluted with 5% dextrose, and then liposome
solution was added to achieve a 9.8:1.0 weight ratio of DOTAP:
DNA. The theoretical charge ratio (+/—) of the complex was 4.6.
The mixture was incubated at room temperature for 10 min
before injection.

2.3. In vivo gene transfer and luciferase assay

Female C57BL/6 mice (5-6 weeks) were purchased from
Nippon SLC (Hamamatsu, Japan). A final volume of 200 ul of
Ad vectors (1x10'° or 5% 10'° vector particle (VP)/mouse) or
lipoplex (5 or 25 pg of plasmid DNA/mouse) was injected
intravenously via tail vain of each mouse. An appropriate
length of time after the injection, the mice were given
anesthesic by diethylether and their hearts, lungs, kidneys,
livers and spleens were collected. The organs were then
homogenized with lysis buffer (0.05% Triton X-100, 2 mM
EDTA, 0.1 M Tris—HCl, pH 7.8). After being frozen and
thawed, the homogenates were centrifuged at 15,000 xg at
4 °C for 10 min, and the supernatants were collected.
Luciferase activity in the supernatants was determined by
using a luciferase assay system (PicaGene 5500; Toyo Inki,
Tokyo, Japan). The protein content was measured with a Bio-
Rad assay kit (Bio-Rad, Hercules, CA).

2.4. Cytokine measurement

An appropriate length of time after the injection, the mice
were given anesthesic by diethylether and peripheral blood was
collected via the inferior vena cava and fundus oculi. The
peripheral blood was placed on ice for 2-3 h and then
centrifuged at 15,000 rpm at 4 °C for 10 min to collect the blood
serum. The cytokine concentration in serum was measured
using an ELISA kit (IL-6 and IL-12p40; BD Biosciences, San
Diego,CA, TNF-a; R & D Research Systems, Minneapolis,
MN) according to the manufacturer’s instructions. Alanine
aminotransferase (ALT) activities of the blood serum were
measured using the Transaminase CII-Test (Wako, Osaka,
Japan).

2.5. Preparation of paraffin sections of liver

An appropriate length of time after the injection, the mice
were given anesthesic by diethylether and their livers were
collected. Each liver was washed, fixed in 10% formalin for
24 h at room temperature, and embedded in paraffin. After
sectioning, the tissue was dewaxed in ethanol, rehydrated, and
stained with hematoxylin and eosin. This process was
commissioned to Applied Medical Research Laboratory
(Osaka, Japan).
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3. Results

3.1. Comparison of the transduction efficiency between Ad
vector and lipoplex

To compare the transduction activity and safety of gene
therapy vectors in vivo, we chose the Ad vector and DNA-
liposome complex (lipoplex) as the viral vector and non-viral
vector, respectively. We chose DOTAP/Chol as the liposome,
because this has been used in many gene transduction studies in
vivo, and its usability has been proven {2,10,24-26]. The mean
diameter of the lipoplex, which was measured by Zetasizer
(Malvern Instruments Ltd, United Kingdom) was about 350 nm
(data not shown). Gel retardation assay showed that plasmid
DNAs were indeed complexed with liposome (data not shown).
To compare the in vivo transduction efficiency and the
distribution of the gene expression from the Ad vector and
lipoplex, we first analyzed the luciferase production in the organ
after intravenous injection of the Ad vector (1x10' or
5x10'® VP/mouse) or lipoplex (5 or 25 pg of plasmid DNA/
mouse). The dose of the vectors injected in the present study
was used in previous reports and was determined to be a limited
dose that would not cause sudden death or raising of the hair
[2,12]. High levels of luciferase production were obtained as a
result of the injection of the Ad vector in all organs examined.
On the other hand, lipoplex-mediated luciferase production was
detected only in the heart and lung (Fig. 1). Luciferase
production in lipoplex-injected mice was 107> to 1072 lower
than in Ad vector-injected mice in all organs. The luciferase
production obtained from mice that were injected with lipoplex
was approximately the same or slightly lower than has been
shown in previous reports [2,25,27]. This difference might
result from the differences in the mouse strains and liposome
compositions used in the experiments. We also determined the
duration of luciferase production after the intravenous injection
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Fig. 1. Luciferase production in various organs after intravenous injection of the
Ad vector or lipoplex. A final volume of 200 pl of Ad vectors (1x 10 or
5x10" VP/mouse; gray and black bar, respectively) or lipoplex (5 or 25 pg of
plasmid DNA; dotted and slashed bar, respectively) was injected intravenously into
each mouse. Organs were collected from the mice 6 h following the injection, and
luciferase activity and protein concentration were assayed. The white bar indicates
mock treatment. Data are expressed as means=+SD of 3—4 mice per group.
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Fig. 2. Duration of the luciferase production. A final volume of 200 ul of
lipoplex (25 pg of plasmid DNA; A) or Ad vectors (5 x 10'° VP/mouse; B) was
injected intravenously into each mouse. After an appropriate length of time had
passed following the injection, the heart (filled triangle), lung (opened triangle),
spleen (opened circle), kidney (filled circle), and liver (filled diamond) were
collected, and luciferase activity and protein concentration were measured. Data
are expressed as means+SD of 3—4 mice per group.

of vectors (Fig. 2A and B). Luciferase production in all organs
collected from mice that were injected with the Ad vector or
lipoplex decreased in a time-dependent manner. It was striking
that the livers collected from mice that were injected with high
doses of the Ad vector maintained a high gene expression for
24 h (Fig. 2B). On the other hand, the gene expression of
lipoplex decreased dramatically and reached levels similar to
that shown in mock-treated mice in most organs after 9 h
(Fig. 2A). Thus, we can conclude that the Ad vector can express
a high level of foreign genes in a broad range of tissues.

3.2. Vector-triggered cytokine production

There are many indices of the side effects caused by the
intravenous injection of vectors, such as canceration, tissue
damage, innate and adaptive immune response, etc. In the
present study, innate immune response was examined as an
indicator of the side effects induced by the administration of
vectors, since the induction of innate immune response by the
Ad vector is the primary limiting factor in the use of the Ad
vector [5]. To investigate the level of immune response induced
by these vectors, we measured the serum concentration of
various inflammatory cytokines, including IL-6, IL-12 and
TNF-a. At 6 h following the intravenous injection, the IL-6
concentration in serum from lipoplex-injected mice was 2- to 4-
fold higher than that in serum from the Ad vector-injected mice
(Fig. 3a). A similar profile was obtained for the production of
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Fig. 3. Induction of various inflammatory cytokines by intravenous injection of
the Ad vector or lipoplex. A final volume of 200 nul of Ad vectors (1x10'° or
5x 10'® VP/mouse; gray and black bar, respectively) or lipoplex (5 or 25 ug of
plasmid DNA; slashed and dotted bar, respectively) was injected intravenously
into each mouse. Six hours after the injection, peripheral blood was collected,
and the concentrations of 1L-6, IL-12, and TNF-a were measured by ELISA.
The white bar indicates mock treatment. Data are expressed as means+SD of 3—
4 mice per group.

IL-12 induced by these vectors (Fig. 3b). The level of cytokine
production induced by these vectors was dose-dependent and
returned to the basal level after 24 h post-injection (Fig. 6 shows
the data for lipoplex; data not shown for the Ad vector). When a
higher dose of vectors was injected, the serum concentration of
TNF-a from lipoplex-injected mice was 2-orders higher than
that from Ad vector-injected mice and control mice (Mock)
(Fig. 3c). The serum concentration of TNF-a from the Ad
vector-injected mice was similar to that from control mice
(Mock). These results suggest that lipoplex induces the innate
immune response more strongly than the Ad vector.

3.3. Hepatotoxicity caused by vector injection

The majority of intravenously injected Ad vector is
sequestered by the liver, which in turn causes an inflammatory
response characterized by acute transaminitis and vascular
damage [7]. Systemic administration of lipoplex also leads to
toxic effects in the liver [13]. We investigated the hepatic

damage induced by the intravenous administration of the Ad
vector and lipoplex. The hepatotoxicity induced by the vectors
was compared by measuring the activity of alanine aminotrans-
ferase (ALT) in serum and by investigating the histopatholog-
ical changes. There were no significant differences in the ALT
activity between the sera from the Ad vector-injected mice
(5% 10'° VP/mouse) and the lipoplex-injected mice (both 5 and
25 ug plasmid-DNA/mouse) after 24 h post-injection (Fig. 4).
The serum ALT activity in mice injected with 1 x10'® VP of the
Ad vector was the same as in the controls (i.e., the mock-treated
levels). In the case of hepatic histological changes, hepatocytes
from lipoplex-injected mice (25 pg plasmid-DNA/mouse)
started to granulate 3 h after the injection, even though the
cells from the Ad vector-injected mice (5x10'° VP/mouse)
seemed to be normal (Fig. 5B and E). Six hours after injection,
hepatocytes from the Ad vector-injected mice started to
granulate similarly to those from lipoplex-injected mice
(Fig. 5C and F). At 48 h after the injection, degranulation or
denucleation occurred in hepatocytes from both the Ad vector-
and lipoplex-injected mice (Fig. 5D and G). These results
showed that both the Ad vector and lipoplex caused
hepatotoxicity, especially at high doses, and that the liver
damage caused by lipoplex, such as granulation and degranu-
lation, started earlier than in the case of the Ad vector.

3.4. Effect of unmethylated CpG motifs in plasmid DNA on
cytokine production

It has been reported that bacterial DNA induces innate
immune response because it has a much higher frequency of
unmethylated CpG dinucleotides than mammalian DNA
[18,28]. The injection of plasmid DNA, which contains fewer
CpG motifs, reduces the induction of inflammatory cytokines
[13,26]. We examined the production of cytokines induced by
the intravenous injection of lipoplex containing plasmid DNA
without CpG motifs (non-CpG lipoplex), which is completely
lacking in CpG motifs. In this experiment, only the level of
inflammatory cytokine was examined, because luciferase-
coding ¢cDNA without CpG motifs was not obtained. As
expected, the production of IL-6 induced by non-CpG lipoplex
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Fig. 4. Hepatotoxicity by intravenous injection of the Ad vector or lipoplex. A
final volume of 200 pl of Ad vectors (1x10'° or 5% 10'® VP/mouse; gray and
black bar, respectively) or lipoplex (5 or 25 pg of plasmid DNA; slashed and
dotted bar, respectively) was injected intravenously into each mouse. Twenty-
four hours after the injection, peripheral blood was collected, and the ALT
activity was measured. The white bar indicates mock treatment. Data are
expressed as means=SD of 3—4 mice per group.
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Fig. 5. Induction of acute liver failures by intravenous injection of the Ad vector or lipoplex. A final volume of 200 pl of Ad vectors (5% 10'® VP/mouse; B-D),
lipoplex (25 pg of plasmid DNA; E-G) or PBS (as Mock; A) was injected intravenously into each mouse. The livers were collected after 3 (B and E), 6 (C and F), and
48 (D and G) h following the injection, and paraffin sections were prepared. Each section was stained with hematoxylin and eosin.

was suppressed, but this complex still induced higher IL-6
production than the Ad vector (Figs. 3A and 6A). The injection
of non-CpG lipoplex showed a different peak time of IL-6
production than in the case of CpG lipoplex injection. The level
of producton of IL-12 and TNF-« induced by the injection of
non-CpG lipoplex was lower than that induced by the injection
of CpG lipoplex (Figs. 3B, C, 6B and C). The concentration of
IL-12 in the serum from the non-CpG lipoplex-injected mice
was lower than that in the serum from the Ad vector-injected
mice. Unlike in the case of IL-6, non-CpG lipoplex showed the

same profiles of IL-12 production as CpG-lipoplex. These
results show that the removal of CpG motifs from the plasmid
DNA in lipoplex could not completely suppress cytokine
production, but there exists other mechanisms for suppressing
immune response by lipoplex.

4, Discussion

A variety of viral and non-viral vectors have been developed
for gene therapy [3,4,10]. At present, viral vectors dominate in
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Fig. 6. Suppression of cytokine production by using non-CpG plasmid. CpG
lipoplex containing pPCMVLI and non-CpG lipoplex containing pCpG-mcs
were prepared as described in Material and methods. A final volume of 200 pl of
CpG lipoplex (circle), non-CpG lipoplex (triangle) (25 png of plasmid DNA) or
5% dextrose (as Mock; diamond) was injected intravenously into each mouse.
Peripheral blood was collected at 3, 6, 9, 24, and 48 h after the injection, and the
concentrations of IL-6 (A), IL-12 (B) and TNF-a (C) were measured by ELISA.
Data are expressed as means+SD of 3—4 mice per group.

clinical trials because they are highly efficient in transducing
cells. However, viral vectors are immunogenic and potentially
mutagenic; thus, non-viral vectors have recently gained
increasing attention [2]. In this study, we compared the in
vivo usability and safety between a viral vector and a non-viral
vector by examining the levels of reporter gene expression and
inflammatory cytokine production (innate immune response).
Our data revealed that the Ad vector, which is one of the major
viral vectors used for gene therapy, is much more efficient for
transduction and is also safer than lipoplex with respect to
inflammatory cytokine production.

To achieve a therapeutic effect, gene therapy vectors should
be able to deliver genes of interest to the designated target and to
ensure their expression for an appropriate amount of time [29].
As shown in Fig. 1, the Ad vector mediated a high transduction
efficiency in a wide range of organs, whereas lipoplex mediated
alow level of expression only in the lung and heart. There might
be two reasons for the difference in transduction efficiency

between the Ad vector and lipoplex. First, the cells in most
organs are composed of non-dividing cells. Ad vectors can
infect both dividing and non-dividing cells, while lipoplex
shows lower efficiency of gene transfer in non-dividing cells.
The other reason is that there are different mechanisms for
expressing transgenes between viral and non-viral vectors. The
Ad vector has a unique system to be internalized into cells and
to deliver foreign genes to the nucleus. Ad vectors first attach to
the cell surface through an interaction between the fiber knob
protein, one of the capsid proteins of Ad, and a high-affinity
receptor, the coxsackievirus—adenovirus receptor (CAR). Then,
another capsid protein, penton base, mediates virus internali-
zation by receptor-mediated endocytosis. Following endosomal
disruption, the partially uncoated virions traffic through the
cytoplasm along microtubeles and reach the nuclear pore
complex [30]. Interestingly, intravenously administered Ad
vectors accumulate mainly in the liver, spleen, heart, lung and
kidney in mice, even though these tissues may not necessarily
have the highest level of CAR expression [29]. On the other
hand, the specific receptor involved in the uptake of lipoplex
remains unknown [10]. Lipoplex is taken up by an endocytosis
mechanism, and the cytoplasmic delivery of DNA involves a
fusion-related event, probably in the endosome compartment.
One reason for the induction of limited transgene expression
only in the lung and heart by lipoplex is the particle size of
lipoplex, which is, on average, 350 nm, much bigger than that of
the Ad vector (70—100 nm) [31,32]. Following intravenous
administration, the larger lipoplex is known to lodge in the
pulmonary capillaries [10,33]. The other possibility is that
proteoglycans exposed at the cell surface mediate lipoplex-cell
binding in the pulmonary vasculature {10,34].

For gene therapy to be successful, an appropriate amount of a
therapeutic gene must be delivered into the target tissue without
substantial toxicity [4]. We examined the innate immune
response and hepatotoxicity induced by intravenous injection
of the vectors and revealed that lipoplex was more highly
immunogenic than the Ad vector, at least in terms of innate
immune response. The innate immune response triggered by the
Ad vector has been reported to be dose-dependent, occurs
within 24 h after the injection, and is independent of viral or
transgene transcription [5,30]. Our data are consistent with
these observations. The production of cytokines induced by
lipoplex is mainly due to the unmethylated CpG motifs in
plasmid DNA [12]. Toll-like receptor 9 (TLR9) has been
identified as the receptor involved in the recognition of
unmethylated CpG motifs [18]. TLR9 is a member of the
family of TLRs, which play a critical role in innate immunity,
such as through the production of inflammatory cytokines
[15,33]. Since the lipoplex is the complex of plasmid DNA and
liposome, some plasmid DNAs are exposed outside the
complex. When lipoplex enters the cells by endocytosis, the
plasmid DNAs which are exposed outside the complex might'be
recognized by TLR9 expressed at the endosome. On the other
hand, Ad vectors enters the cells with the genome (Ad DNA)
encapsulated inside the capsid. TLR9 could not recognize Ad
DNA, even though Ad DNA contains some CpG motifs,
because Ad DNA is encapsulated by viral capsid in the
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endosome, where TLR9 exists. A previous report showed that
the absence of CpG signaling that occurs when TLR9 " “mouse
is used greatly suppresses the innate immune response induced
by lipoplex, but does not completely eliminate the acute toxic
response, such as cytokine production [15]. Although this is not
a complete remedy, one might predict that a completely non-
CpG plasmid (CpG zero plasmid) vector would have an
improved safety profile. We learned that the complete removal
of CpG motifs from plasmid DNA could reduce cytokine
production but the levels of inflammatory cytokine production
were similar to that by the Ad vector, although it depended on
the type of cytokines (Figs. 3 and 6). The production of
inflammatory cytokines such as IL-6 and TNF-a could not be
suppressed completely, although CpG motifs were removed
from plasmid DNA in lipoplex. This result suggests that there
might be different pathways to induce the production of
inflammatory cytokines that are activated independently of the
CpG motif. Un-identified sensor receptor(s), which recognize(s)
foreign DNAs, might be involved in this phenomenon [36].

In this study, we used only one kind of liposome (DOTAP/
chol). We could not draw the general conclusion that all types of
lipoplex would show the same profile as DOTAP/Chol in
inducing the innate immune response. However, the lipoplex that
enters cells using the endocytic pathway might show the same
tendency, because TLRY is expressed at the endosome. Recently,
many kinds of lipoplex and polyplex (complexes of cationic
polymer/plasmid DNA) have been developed for the purpose of
obtaining a higher transduction efficiency and suppressing the
immune response [2,37,38]. Since TLR9 expression is in the
endosomes of immunocompetent cells, a non-viral vector that can
escape from endosomes quickly or that is not easily taken up by
immune cells should be developed to eliminate the problem of the
induction of the innate immune response.

Unlike the profile of cytokine production, the activity of ALT
in sera from the lipoplex-injected mice was the same as that in
sera from the Ad vector-injected mice. The histopathological
changes in the liver in the Ad vector-or lipoplex-injected mice
also showed a similar profile to each other. The mechanism of
hepatotoxicity induced by those vectors is still unclear, but
inflammatory cytokines might play a role in the hepatotoxicity.

It is commonly believed that non-viral vectors are safer to
use in gene therapy than viral vectors. However, this study
clearly showed that this would not be true, at least in innate
immune response when the vectors are systemically injected.
We hope that this present study will trigger a reconsideration of
the safety of gene therapy vectors.
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