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We analyzed the effect of serum and fibronectin on pulmonary transgene expression after intravenous
injection of cationic liposome—plasmid DNA (pDNA) complex (lipoplex) in mice. 1,2-Dioleoyl-3-trimethylam-
monium-propane (DOTAP) methyl sulfate salt/cholesterol lipoplex was incubated with several serum com-
ponents for Smin at 37°C prior to injection. We analyzed pulmonary transgene expression and pulmonary
accumulation of lipoplex. While interaction with serum did not decrease pulmonary transgene expression,
interaction with heat-inactivated serum did decrease it. Moreover, interaction with fibronectin enhanced
pulmonary transgene expression. Inhibition of the binding of fibronectin to integrin decreased pulmonary
transgene expression after injection of untreated lipoplex. We found that pulmonary accumulation of lipoplex
changed depending on the kind of interacting serum components after injection. Furthermore, interaction
with fibronectin increased pulmonary accumulation of lipoplex. Interaction with serum was required for
pulmonary gene transfer following intravenous injection of lipoplex. Fibronectin appears to be a particularly
critical component. Furthermore, the binding of fibronectin interacting with lipoplex to integrin was an im-

portant mechanism for pulmonary transgene expression.
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Gene therapy is a promising therapeutic method for refrac-
tory diseases such as cancer and congenital genetic defects.
The methodology of gene therapy is broadly classified into in
vivo and ex vivo gene transfer. In vivo gene transfer is a prom-
ising method for substantial use globally from the perspective
of its ease of use and convenience. Several gene medicines
have been developed for gene therapy. It is preferable that
gene medicine be easily handled and safe. Cationic liposome—
plasmid DNA (pDNA) complex (lipoplex), which is a typical
non-viral gene delivery carrier, is available for in vitro and
in vivo gene transfer. The surface of lipoplex is charged posi-
tively due to liposomes. Therefore, it is considered that lipo-
plex interacts with negatively charged biological components
such as red blood cells and serum proteins after intravascular
injection. This interaction between lipoplex and biological
components is an important problem for lipoplex application
in a clinical setting.

The Food and Drug Administration released draft guidance
for liposomal drug products in 2002. This guidance describes
the human pharmacokinetics and bioavailability of liposomal
drug product as parameters to be evaluated. In addition, a sec-
tion on protein binding is provided, which describes that the
stability of liposomes can be affected by interaction with lipo-
proteins and other proteins in the blood. Furthermore, “protein
corona,” which is the binding of serum or plasma proteins to
the surface of nanoparticles such as lipoplex, has been ana-
lyzed in recent years.'"™ Capriotti et al. reported that binding
proteins differed between liposome and lipoplex after incuba-
tion with human plasma,” suggesting that some proteins can
bind to pDNA included in lipoplex.

Some groups reported the effect of interaction between
lipoplex and blood components on gene transfer. It is known
that serum inhibits in vitro gene transfer to cultured cells.”
However, Sakurai et al. reported that pre-incubation of lipo-
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plex with red blood cells decreased pulmonary transgene ex-
pression after intravenous injection, whereas pre-incubation
with serum did not decrease it.”) Fumoto et al. reported that
pre-incubation of galactosylated lipoplex with serum enhanced
hepatic transgene expression after intraportal injection.®
Therefore, it was suggested that the role of serum in gene
transfer differs between in vitro and in vivo conditions.

While macroscopic information regarding the effects of
serum on in vivo gene transfer has been obtained, the serum
components that contribute to gene transfer by intravascu-
lar injection of lipoplex have not been fully elucidated. We
investigated the serum components that contribute to gene
transfer, and elucidated that fibronectin is an important pro-
tein in hepatic transgene expression after intraportal injection
of lipoplex.” In the present study, we analyzed the effect of
serum and the role of fibronectin in pulmonary gene transfer
after intravenous injection of lipoplex, which is a major route
of intravascular injection of medicine at the bedside.

MATERIALS AND METHODS

Materials Sodium pentobarbital was purchased from Ab-
bott Laboratories (Abbott Park, IL, U.S.A.). 1,2-Dioleoyl-3-tri-
methylammonium-propane (DOTAP) methyl sulfate salt and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rh-DOPE) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, U.S.A.). Chloroform,
methanol and cholesterol (Chol) were purchased from Nacalai
Tesque Inc. (Kyoto, Japan). All chemicals were of the highest
purity available.

Animals Male ddY mice (5 weeks old) were purchased
from Kyudo Co., Ltd. (Kumamoto, Japan). They were housed
in a cage in an air-conditioned room and maintained on a
standard laboratory diet (MF, Oriental Yeast Co., Ltd., Tokyo,
Japan) and water ad libitum. All animal experiments were car-
ried out in accordance with the Guidelines for Animal Experi-

© 2013 The Pharmaceutical Society of Japan



1808

mentation of Nagasaki University.

Construction and Preparation of pDNA Firefly lucif-
erase-encoding pDNA pCMV-luciferase was constructed by
subcloning the HindIll/Xbal firefly luciferase cDNA fragment
from a pGL3-control vector (Promega, Madison, WI, U.S.A.)
into the polylinker of a pcDNA3 vector (Invitrogen, Carls-
bad, CA, U.S.A). pDNA was amplified in the Escherichia
coli strain DH50, isolated, and purified using an EndoFree®
Plasmid Giga Kit (QTAGEN GmbH, Hilden, Germany). pDNA
dissolved in water was stored at —20°C prior to experiments.

Preparation of Cationic Liposomes Cationic liposomes
were prepared as reported previously.>®” DOTAP and Chol
were dissolved in chloroform at a molar ratio of 1:1, vacuum-
desiccated, and resuspended in sterile 5% glucose solution at a
concentration of 4mg of total lipid per mL to form liposomes.
Liposomes were extruded 11 times through a polycarbon-
ate membrane filter (100nm pore size) using a commercially
available instrument (Mini-Extruder, Avanti Polar Lipids,
Inc.). Rhodamine-labeled liposomes were prepared by basi-
cally the same methods as above, except that Rh-DOPE was
dissolved in the lipid mixture solution at a ratio of 0.25mol%
of the total lipids.

Preparation of Lipoplex A volume of 100 L of 300 ug/
mL pDNA in 5% glucose solution was mixed with an equal
volume of cationic liposomes (3170 ug/mL) and incubated for
30min at 37°C. The charge ratio, which is the molar ratio
of cationic lipids to pDNA phosphate residue, was 3.0. The
charge ratio of unity was 3.52 ug of total lipid/ug of pDNA
for this formulation. The particle size and zeta potential of the
lipoplex were measured using a Zetasizer Nano ZS Instrument
(Malvern Instruments Ltd., Worcestershire, U.K.).

Preparation of Serum Components Fetal bovine fetuin
(Fet) and bovine fibronectin (FN) were purchased from Cal-
biochem (Merck Ltd., Tokyo, Japan). To obtain serum, mouse
blood was collected from anesthetized mice, clotted, and
centrifuged at 15000Xg for Smin. To obtain heat-inactivated
serum (h.i.a. serum), serum was incubated at 56°C for 30 min.
To chelate divalent cations in serum, ethylenediamine tetra-
acetic acid (EDTA) was mixed with the serum at a final
concentration of 5mm. To analyze the effect of calcium ions,
EDTA-treated serum was gel-filtrated with phosphate-buffered
saline (PBS) (PD-10 desalting column; GE Healthcare Japan,
Tokyo, Japan), and subsequently calcium chloride (final con-
centration of 0.9 mm) was added to the gel-filtrated serum, and
this serum was ultrafiltrated using a spin column (Vivaspin
500 MWCO 10000 PES; Sartorius Stedim Biotech, Aubagne,
France) to correct the serum volume. To remove anionic com-
ponents from the serum, it was ion-exchanged using a QAE
column (Viva pure Q mini (H); Sartorius Stedim Biotech) and
this fraction was named QF. QF was gel-filtrated with PBS
(with 0.9mm CaCl,) (PD-10 desalting column), and this QF
was ultrafiltrated using a spin column (Vivaspin 500 MWCO
10000 PES) to correct the original serum volume. Concentra-
tions of each serum component were as follows: Fet: 0.15mg/
mL'Y and FN: 0.5mg/mL,'"” in PBS (with 0.9mwm CaCl,). To
obtain h.i.a. QF and h.i.a. FN, QF and FN were incubated at
56°C for 30 min, respectively. As control experiments, lipoplex
was incubated with 5% glucose solution.

In Vivo Gene Expression Experiments Prior to injec-
tion, lipoplex containing 30ug of pDNA in 200uL was in-
cubated with serum components in 100 uL for Smin at 37°C.
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The mixture of lipoplex and serum components was injected
via a tail vein in mice. Six hours after administration, the
mice were killed under anesthesia and liver, kidney, spleen,
heart and lung were removed with surgical scissors. The tis-
sues were washed with saline and homogenized with a lysis
buffer, which consisted of 0.1 m Tris—HCI buffer (pH 7.8) con-
taining 0.05% Triton X-100 and 2mm EDTA.*'? The volume
of lysis buffer added was 4 uL/mg of tissue. The homogenates
were centrifuged at 15000Xg for Smin. Each supernatant was
assayed for luciferase activity.

Luciferase Assay Twenty microliters of tissue homog-
enate supernatant was mixed with 100uL of luciferase assay
substrates (PicaGene®, Toyo Ink Mfg. Co., Ltd., Tokyo, Japan)
and the light produced was immediately measured using a
luminometer (Lumat LB9507, Berthold Technologies, Bad
Wildbad, Germany). The luciferase activity is indicated as the
relative light units (RLU) per gram of tissue.

Inhibition of Physiological Function of Fibronectin To
evaluate the physiological function of fibronectin in pulmo-
nary gene transfer, the binding of fibronectin to integrin in
mice was inhibited with cyclic GRGDSPA [cyclo(-Gly-Arg-
Gly-Asp-Ser-Pro-Ala)] peptide (Bachem AG, Bubendorf, Swit-
zerland). A volume of 100uL of 1 mg/mL cyclic GRGDSPA
peptides in PBS (—) was injected via a tail vein in mice Smin
before the injection of untreated lipoplex.

Evaluation of Pulmonary Accumulation of Lipoplex
The accumulated amount of rhodamine-labeled lipoplex in
tissues was evaluated by determining the fluorescent intensity
of Rh-DOPE extracted from tissues as previously reported."®
Rhodamine-labeled lipoplex was injected via a tail vein in
mice. At appropriate time intervals after administration,
blood samples were collected and the mice were killed under
anesthesia. Liver, kidneys, spleen, heart and lung were re-
moved with surgical scissors. The tissues were washed with
saline and homogenized with PBS (—). To extract Rh-DOPE,
0.17SmL of homogenate or blood sample was added to
0.420mL of methanol, 0.438 mL of chloroform, and 0.175mL
of saturated aqueous sodium chloride, and then the mixture
was vigorously shaken for Smin, followed by centrifugation
at 15000Xg for 10 min. The amount of Rh-DOPE in the lower
layer was evaluated by determining the fluorescence intensity
at excitation and emission wavelengths of 544 and 590nm
using spectrofluorometer RF-1500 (Shimadzu Corp., Kyoto,
Japan).

Statistical Analysis Statistical comparisons were per-
formed by Student’s #-test for two groups or by Dunnett’s test
for multiple comparisons with a control group.

RESULTS

Effect of Interaction between Lipoplex and Serum on in
Vivo Gene Transfer Lipoplex is a useful carrier for in vivo
gene transfer. After intravenous injection of lipoplex in mice,
the highest transgene expression was obtained in the lung
(Fig. 1). When lipoplex is injected via a vein, the first-pass
capillary is the lung, considering the nature of blood circula-
tion. Hence, it was suggested that positively charged lipoplex
interacts with endothelial cells in pulmonary capillary ves-
sels electrostatically. We reported that the surface of lipoplex
was charged negatively by interaction with serum.” However,
pulmonary transgene expression was not changed after intra-
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Fig. 1. Distribution of Transgene Expression after Intravenous Injection

of Lipoplex in Mice

Lipoplex was incubated with 5% glucose for Smin before injection. Each bar
represents the mean+S.D. of ten experiments.

venous injection of lipoplex interacting with serum, compared
with that for untreated lipoplex (control) (Fig. 2). On the other
hand, interaction with heat-inactivated serum decreased pul-
monary transgene expression after intravenous injection of
lipoplex. Thus, serum is considered to contain the components
that contribute to pulmonary transgene expression.

Calcium Ion and Fibronectin in Serum Were Required
for Pulmonary Transgene Expression Serum contains
various components such as inorganic ions, lipids and pro-
teins. These components have the potential to contribute to
gene transfer using lipoplex. We reported that calcium ion and
fibronectin in serum have important roles in hepatic transgene
expression after intraportal injection of lipoplex in mice.”
In addition, calcium ion and fibronectin were considered to
contribute to gene transfer following intravenous injection
of lipoplex. Firstly, serum was treated with EDTA to chelate
divalent cations, and then the level of low-molecular-weight
components including divalent cations in serum was reduced
using a size exclusion column. Pulmonary transgene expres-
sion was increased by the addition of calcium chloride to diva-
lent cation-depleted serum (Fig. 3).

Protein amount in serum is important for preventing lipo-
plex aggregation. At physiological concentrations, mixing of
lipoplex with fibronectin alone induced lipoplex aggregation.”
However, we found that QF, which is an anionic component-
removed serum fraction, can prevent lipoplex aggregation in
serum.” Pulmonary transgene expression was enhanced by the
addition of fibronectin to QF (Fig. 4). On the other hand, the
addition of fetuin to QF did not increase pulmonary transgene
expression. Fibronectin mainly binds to integrin expressed
on the cell surface in a physiological environment. Inhibition
experiments were performed to inhibit the physiological func-
tions of fibronectin for pulmonary transgene expression after
intravenous injection of lipoplex without serum components in
mice. Pre-administration of cyclic GRGDSPA peptide, which
inhibits the binding of fibronectin to integrin, decreased pul-
monary transgene expression (Fig. 5). Although fibronectin
used in this study was derived from bovine (Fig. 4), this result
suggested that mouse fibronectin would induce similar effects
with bovine fibronectin.

To evaluate heat-labile components contributing to pulmo-
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Fig. 2. Effect of Interaction between Lipoplex and Serum on Pulmo-
nary Transgene Expression after Intravenous Injection of Lipoplex in
Mice

Lipoplex was incubated with 5% glucose (control), serum, or heat-inactivated

serum (h.i.a. serum) for Smin before injection. Each bar represents the mean+S.D.
of at least nine experiments. ** p<<0.01 vs. control.
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Fig. 3. Contribution of Calcium Ions in Serum to Pulmonary Transgene
Expression after Intravenous Injection of Lipoplex in Mice

Lipoplex was incubated with divalent cation-depleted serum [Ca (—)] or divalent
cation-depleted serum supplemented with calcium ions [Ca (+)] for Smin before in-
jection. Each bar represents the mean+S.D. of at least four experiments. **p<<0.01
vs. Ca (—).

nary transgene expression, QF or fibronectin were treated at
56°C for 30min prior to mixing with lipoplex. Heat treatment
of QF decreased pulmonary transgene expression, whereas
heat treatment of fibronectin did not decrease pulmonary
transgene expression (Fig. 6).

Changes in Pulmonary Accumulation of Lipoplex by In-
teraction with Serum Components To analyze the behavior
of lipoplex interacting with fibronectin after intravenous injec-
tion in mice, we evaluated the effect of serum components on
the pulmonary distribution of lipoplex after intravenous injec-
tion. The pulmonary accumulation of control lipoplex was
nearly constant until 15min after intravenous injection (Fig.
7). A similar time course of pulmonary accumulation of lipo-
plex with serum was observed compared to control lipoplex.
On the other hand, interaction with heat-inactivated serum
significantly decreased the pulmonary accumulation of lipo-
plex after intravenous injection. Figure 7 shows that the pul-
monary accumulation of lipoplex changed depending on the
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Fig. 4. Important Serum Protein for Pulmonary Transgene Expression
after Intravenous Injection of Lipoplex in Mice

Lipoplex was incubated with each serum component for Smin before injection.
Each bar represents the mean+S.D. of six experiments. **p<<0.01 vs. QF.
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Fig. 5. Inhibition of Physiological Function of Fibronectin for Pulmo-
nary Transgene Expression after Intravenous Injection of Lipoplex with-
out Serum Components in Mice

Cyclic GRGDSPA peptide was administered 5min before injection of untreated
lipoplex. Each bar represents the mean+SD of at least six experiments. *p<<0.05
vs. control.

kind of interacting serum components after injection. Then,
we evaluated the effect of calcium ions and fibronectin on the
pulmonary accumulation of lipoplex 2min after intravenous
injection. Figure 8 shows that the pulmonary accumulation of
lipoplex was increased significantly by the addition of calcium
chloride to divalent cation-depleted serum. Figure 9 shows
that the pulmonary accumulation of lipoplex was increased
significantly by the addition of fibronectin to QF.

Changes in Physicochemical Properties of Lipoplex
Tables 1 and 2 show the particle size and zeta potential of the
lipoplex incubated with serum components. The particle size
of lipoplex was increased by the addition of calcium chloride
to divalent cation-depleted serum (Table 1). Moreover, the ad-
dition of fibronectin to QF also increased the particle size of
lipoplex (Table 2). The surface charge of lipoplex was inverted
by the interaction with each serum component.
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Fig. 6. Effect of Heat Inactivation of QF or FN on Pulmonary Trans-
gene Expression after Intravenous Injection of Lipoplex in Mice
Lipoplex was incubated with each serum component for Smin before injec-

tion. Each bar represents the mean+S.D. of six experiments. *p<<0.05 vs. native
QF+native FN.
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Fig. 7. Effect of Interaction between Lipoplex and Serum on Time
Course of Pulmonary Accumulation of Lipoplex after Intravenous Injec-
tion in Mice

Lipoplex was incubated with 5% glucose (control), serum, or heat-inactivated
serum (h.i.a. serum) for 5min before injection. Each symbol represents the
mean=*S.D. of three experiments. * p<<0.05, ** p<<0.01 vs. control.

DISCUSSION

Serum has been considered to inhibit in vitro gene transfer
to cultured cells using lipoplex.” Thus, generally, a gene de-
livery carrier is required for stability in serum. In the present
study, however, serum did not inhibit in vivo gene transfer
to lung after intravenous injection of lipoplex in mice (Fig.
2). After intravascular injection of untreated lipoplex, some
lipoplex is considered to interact with serum components.
Therefore, this result suggests that serum is a rather neces-
sary factor for in vivo gene transfer using lipoplex. Originally,
it was recognized that the association of lipoplex with the
negatively charged cell surface is promoted by the positive
charge of lipoplex. The interaction with serum was considered
to decrease transfection efficiency owing to the negatively
charged surface of lipoplex. However, in spite of the fact that
the surface charge of lipoplex was negative after interaction
with serum, transgene expression was observed in the lung
after intravenous injection of lipoplex with serum. Hence, it
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Fig. 8. Effect of Calcium Ions in Serum on Pulmonary Accumulation
of Lipoplex after Intravenous Injection in Mice

Lipoplex was incubated with divalent cation-depleted serum [Ca (—)] or divalent
cation-depleted serum supplemented with calcium ions [Ca (+)] for 5min before

injection. Each bar represents the mean+SD of three experiments. **p<<0.01 vs.
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Fig. 9. Effect of Fibronectin on Pulmonary Accumulation of Lipoplex
after Intravenous Injection in Mice

Lipoplex was incubated with QF or QF+FN for S5min before injection. Each bar
represents the mean+S.D. of three experiments. **p<<0.01 vs. QF.

is highly possible that serum components interacting with
lipoplex play an important role in gene transfer. The surface
of lipoplex was charged negatively after interaction with
heat-inactivated serum, similar to native serum.” Decreasing
the pulmonary transgene expression by interaction with heat-
inactivated serum suggested that heating treatment deactivated
the components contributing to pulmonary transgene expres-
sion or produced the components that disturbed pulmonary
transgene expression.

Calcium ions and fibronectin are thought to be important
components that contribute to pulmonary transgene expression
after the intravenous injection of lipoplex. It was reported that
calcium ions enhanced the transfection efficiency of lipoplex
in vitro."¥ In addition, it was reported that calcium ion-deplet-
ed serum did not induce phagocytosis of lipid-based emulsion
by hepatic Kupffer cells.'”” Hence, calcium ions are considered
to be important components for opsonin activity of serum.
Fibronectin is known to play roles as a factor in cell adhesion
and as an opsonic factor.!®!” Hattori and Maitani reported
that fibronectin enhanced the in vitro transfection efficiency
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Table 1. Effect of Calcium Ions on Particle Size and Zeta Potential of
Lipoplex
Mean diameter (nm) Zeta potential (mV)
Control 230.3*+2.8 51.8%+0.8
Divalent cation- 271.8%£2.8 —17.4+£0.4%*
depleted serum
+Calcium ions 1987.7£60.7** —16.3+£0.2%*

Each value represents the mean*+S.D. of 3 experiments. ** p<<0.01 vs. control.

Table 2. Effect of Interaction with Fibronectin on Particle Size and Zeta
Potential of Lipoplex

Mean diameter (nm) Zeta potential (mV)

Control 230.3*+2.8 51.8%+0.8
QF 247.5+3.9 —13.3£0.3*%*
QF+FN 531.2+64.4%* —11.8+£0.4%*

Each value represents the mean®S.D. of 3 experiments. **»<<0.01 vs. control.

by lipid/DNA complex.'® In the present study, it was shown
that fibronectin functioned as an enhancing factor for in vivo
gene transfer (Fig. 4). Capriotti et al. reported that fibronectin
actually adsorbed onto lipoplex surface after interaction with
plasma, but did not adsorb onto liposome surface.!” Because
fibronectin is an anionic protein at physiological pH, cationic
liposome is considered to interact with fibronectin electro-
statically. However, it was reported that fibronectin has DNA-
binding domains and their structures have been identified.?**"
Therefore, the binding of fibronectin to pDNA is likely to be
an important mechanism for the interaction between lipoplex
and fibronectin. Fetuin is known as an a2-HS glycoprotein
and shows opsonin activity. It was reported that fetuin in-
creased the macrophage uptake of cationic molecules.? In
this study, bovine fetuin did not show a contribution to pul-
monary transgene expression by cationic lipoplex (Fig. 4).
However, it is remained to be clucidated whether mouse fetuin
also has similar effect with bovine fetuin. Furthermore, heat
inactivation of fibronectin did not decrease pulmonary trans-
gene expression, while heat inactivation of QF did (Fig. 6),
suggesting not only fibronectin but also other heat-labile com-
ponents might contribute to pulmonary transgene expression.
As another hypothesis, heat treatment of serum may convert
conformation of certain components to preventing form for
transgene expression of lipoplex.

In order to analyze the role of fibronectin in pulmonary
gene transfer using lipoplex, we focused on the physiologi-
cal function of fibronectin. Vascular endothelial cells express
integrin functioning as a receptor for fibronectin.’? We hy-
pothesized that fibronectin interacting with lipoplex binds
to integrin expressed on the cell surface. Cyclic GRGDSPA
peptide has a sequence that binds to integrin in common with
fibronectin, and strongly and competitively inhibits the bind-
ing of fibronectin to integrin.”¥ Pre-administration of cyclic
GRGDSPA decreased pulmonary transgene expression after
the intravenous injection of lipoplex (Fig. 5). It was considered
that cyclic GRGDSPA inhibited the interaction between fibro-
nectin and integrin expressed in vascular endothelial cells in
the lung. This result suggests that the binding of fibronectin
interacting with lipoplex to integrin in pulmonary tissue is an
important mechanism behind the contribution of fibronectin to
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pulmonary transgene expression after the intravenous injec-
tion of lipoplex. Here, it was reported that liver parenchymal
and endothelial cells also express integrin.”>*® In fact, hepatic
transgene expression after intravenous injection of lipoplex
was significantly inhibited by pre-administration of cyclic
GRGDSPA peptide (data not shown). Thus, the effect of fibro-
nectin on transgene expression was not specific to the lung.

Barron et al. reported that gene delivery to the lung by
intravenous injection of lipoplex occurs within 60min.?”
In particular, pulmonary distribution of lipoplex less than
25min after intravenous injection was proposed to be impor-
tant. Interaction with serum components has the potential to
change the biodistribution of lipoplex. Moreover, the change
of biodistribution of lipoplex can affect pulmonary transfec-
tion efficiency. We analyzed the time course of pulmonary
accumulation of lipoplex interacting with serum components
after intravenous injection. Heat-inactivated serum decreased
the pulmonary accumulation of lipoplex, while native serum
did not (Fig. 7). Furthermore, Fumoto et al. reported that heat
inactivation of serum reduced the pulmonary accumulation
of lipoplex compared with that of native serum after intra-
portal injection.” Hence, it was suggested that the interac-
tion between lipoplex and serum component is required for
the pulmonary accumulation of lipoplex after intravenous
injection. Both supplementation of calcium ions to divalent
cation-depleted serum and supplementation of fibronectin to
QF simultaneously increased the pulmonary accumulation and
transgene expression after the intravenous injection of lipoplex
(Figs. 3, 4, 8, 9). Thus, the increase of pulmonary accumula-
tion of lipoplex corresponded to the increase of pulmonary
transgene expression (Figs. 2—4, 7-9). Actually, it was re-
ported that carrier showing high pulmonary accumulation pro-
duced high pulmonary transgene expression.”® These findings
suggested that productive cellular uptake of lipoplex occurred
in lung for transgene expression after intravenous injection.
The interaction with fibronectin increased the pulmonary ac-
cumulation of lipoplex, and pulmonary transgene expression
after the intravenous injection of lipoplex (Figs. 4, 9). Here,
we suggested that the pulmonary transgene expression was
promoted by the increasing lung accumulation of lipoplex in-
teracting with fibronectin following productive cellular uptake.

Physicochemical characteristics of lipoplex are thought
to be important factors determining transfection efficiency.
We previously reported that interaction with native serum
increased the size of lipoplex, while interaction with heat-
inactivated serum did not increase it.” Moreover, addition of
calcium ions to divalent cation-depleted serum and addition
of fibronectin to QF increased the size of lipoplex (Tables
1, 2). Increased size of lipoplex was correspondent with en-
hanced transgene expression (Figs. 2—4). It was reported that
the transfection efficiency increased with increasing lipoplex
size in vitro.*® Thus, it was considered that the size of lipo-
plex was an important factor for pulmonary accumulation and
transgene expression. Although surface charge of lipoplex
became negative after exposure to serum components (ref. 7,
Tables 1, 2), pulmonary accumulations and transgene expres-
sions of lipoplex incubated with serum components were high
(Figs. 2—4, 7-9). Fibronectin interacted with lipoplex would
be an important factor for high pulmonary accumulations
and transgene expressions of negatively charged lipoplex with
serum components.
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Hemagglutination caused by lipoplex is considered as a
major factor determining high entrapment of lipoplex in the
lung due to embolization. In this study, however, negatively
charged lipoplex with serum components did not induce hem-
agglutination (data not shown). The differences between native
lipoplex and lipoplex incubated with serum components may
create the discrepancy about the mechanisms of pulmonary
gene transfer. Mixing of lipoplex with suspension of red blood
cells induced hemagglutination markedly.*® However, the
addition of serum to suspension of red blood cells as suspen-
sion medium considerably prevented hemagglutination.’”? We
also confirmed that hemagglutination was not detected at a
low mixing ratio of lipoplex to suspension of red blood cells
supplemented with serum (supplementary Fig. 1); consistent
with the previous report.’® The mixing ratio reflected the in
vivo situation, i.e., the ratio of injection volume of lipoplex
to volume of whole blood in mice. A part of red blood cells
may aggregate due to initial contact with lipoplex. However, a
large part of lipoplex would remain free from such aggregates
with red blood cells in accordance with our results (supple-
mentary Fig. 1). On the other hand, it is hardly assumed that
huge aggregates consisted of lipoplex and red blood cells are
efficiently taken up by the cells. In fact, it was reported that
pulmonary transgene expression of lipoplex incubated with
suspension of red blood cells was significantly low compared
with native lipoplex.”’ Thus, lipoplex which was free from ag-
gregates with red blood cells would be a major part determin-
ing pulmonary transgene expression. Furthermore, inhibition
experiment using cyclic GRGDSPA peptide revealed that the
interaction of lipoplex with fibronectin contributed to more
than 90% of pulmonary transgene expression after injection of
lipoplex without incubation with serum components (Fig. 5).

In conclusion, we found that the interaction between lipo-
plex and serum was an important process for in vivo gene
transfer by intravenous injection of lipoplex in mice. Fur-
thermore, we elucidated that fibronectin was a critical serum
component contributing to pulmonary transgene expression.
It was suggested that fibronectin contributes to pulmonary ac-
cumulation after the intravenous injection of lipoplex. Hence,
the information obtained in the present study is valuable for
the development of effective gene carriers.
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