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Liver-directed gene therapy of diabetic rats using an
HVJ-E vector containing EBV plasmids expressing
insulin and GLUT 2 transporter
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Insulin gene therapy in clinical medicine is currently
hampered by the inability to regulate insulin secretion in a
physiological manner, the inefficiency with which the gene is
delivered, and the short duration of gene expression. To
address these issues, we injected the liver of streptozotocin-
induced diabetic rats with hemagglutinating virus of Japan-
envelope (HVJ-E) vectors containing Epstein—Barr virus
(EBV) plasmids encoding the genes for insulin and the
GLUT 2 transporter. Efficient delivery of the genes was
achieved with the HVJ-E vector, and the use of the EBV
replicon vector led to prolonged hepatic gene expression.
Blood glucose levels were normalized for at least 3 weeks
as a result of the gene therapy. Cotransfection of GLUT 2

Keywords: insulin; GLUT 2; HVJ-E; EBV; diabetes

Introduction

Insulin replacement is essential for maintaining the
health of patients with type I diabetes mellitus. Many
patients with type II diabetes also require insulin to
control their blood glucose levels. Recent progress in
molecular biology has fostered the development of gene
therapy as a new therapeutic strategy.'® Diabetes
mellitus has long been considered to be curable with
insulin gene therapy.*®* However, several unsolved
problems currently hamper the use of insulin gene
therapy in clinical practice. First, to regulate blood
glucose levels without risking the development of
hypoglycemia, any insulin secretion derived from the
vector construct must be regulated by changes in blood
glucose levels. Second, the gene expression vector used
must be capable of prolonged expression. Third, an
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with insulin permitted the diabetic rats to regulate their
blood glucose levels upon exogenous glucose loading
in a physiologically appropriate manner and improved
postprandial glucose levels. Moreover, cotransfection
with insulin and GLUT 2 genes led to in vitro glucose-
stimulated insulin secretion that involved the closure of Kare
channels. The present study represents a new way to
efficiently deliver insulin gene in vivo that is regulated by
ambient glucose level with prolonged gene expression. This
may provide a basis to overcome limitations of insulin gene
therapy in humans.

Gene Therapy advance online publication, 22 September 20085;
doi:10.1038/sj.gt.3302644

efficient and minimally invasive vector delivery system
is required.

With regard to the first of these issues, recent studies
have reported that insulin secretion from genes delivered
to the liver can be controlled at the transcriptional level
by blood glucose levels.*® However, the drawback of
this system is that the slow transcriptional regulation of
this hepatic insulin gene expression delays the respon-
siveness of the plasma insulin levels to blood glucose
changes.® Notably, Liu et al.® recently demonstrated that
cotransfection a hepatoma cell line with the insulin and
GLUT 2 transporter genes induces ATP-sensitive potas-
sium (Karp) channels and leads to glucose-stimulated
insulin secretion. Thus, cotransfection with the GLUT 2
gene may result in more timely glucose-regulated
secretion of the insulin encoded by the insulin transgene.

With regard to the second of the issues hampering
gene therapy, prolonged gene expression has been
achieved by employing an Epstein—Barr virus (EBV)-
based plasmid. The application of this plasmid in various
cells has been developed.'®'2 EBV is of particular interest
as a vector because of its latent infection property, which
is characterized by autonomous replication and nuclear
retention of the EBV genome in host cells.”®> The
persistent maintenance of the EBV genome has been
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’ analyzed in depth and is mediated by the replication = HV]J-E vector is even more effective than HVJ-liposomes
origin of the latent viral DNA (oriP) and EBV nuclear  for in vivo gene transfer.®® Finally, gene transfer to the
antigen 1 (EBNA-1)."*"* Previously, our group showed  liver, lung, uterus, eye, skin, muscle and brain of animals
that use of the EBV replicon vector leads to sustained such as rat, mouse, rabbit and monkey has been achieved
transgene expression in vivo in the liver." by the direct injection of the HVJ-E vector. Among the
With regard to efficient vector delivery, numerous  various organs tested, HVJ-E vector was more effective
viral and nonviral vectors have been developed.*  than HVJ-liposome for gene transfer to the liver, uterus,
Adenovirus-mediated gene transfer has been successful ~ brain and lung.
in transiently expressing transgenes, but it also causes Here, we show the efficacy of cotransfecting hepatic
undesired effects such as hepatic inflammation.’®”  cells with an EBV replicon vector encoding human
Adeno-associated virus (AAV) is an attractive choice  insulin and GLUT 2 transporter (referred to here as
for insulin gene therapy. A recent study showed the  pEBAct-ins and pEBAct-glut2, respectively) by using the
safety and efficacy of AAV-mediated insulin gene  HVJ-E vector. Significantly, this novel gene therapy was
transfer into streptozotocin (STZ)-induced diabetic rats.”®  highly effective in treating hyperglycemia in STZ-
Although AAVs generally have low immunogenicity,’””a  induced diabetic rats. Moreover, cotransfected diabetic
potential caveat of this approach is the possible genera-  rats were able to regulate their glucose levels in response
tion of neutralizing antibody that might limit read-  to exogenous glucose levels in a physiologically appro-
ministration. In addition, a large proportion of the  priate manner.
human population has pre-existing antibodies against
AAV that may limit gene transfer by this virus.**°
Nonviral vectors are less toxic and less immunogenic,?’ Results
but most are also less efficient, especially in vivo. Gene
therapy strategies employing the hemagglutinating virus ~ Hepatic insulin and GLUT 2 gene expression
of Japan (HV])-liposome system have recently met with ~ We examined the effectiveness of in vive gene transfer by
success in animals.*? Also, Kaneda et al. recently  immunohistochemical analysis of insulin and GLUT 2
developed the HVJ-envelope (HVJ-E) vector system,  proteins. We directly injected the HVJ-E vector bearing
which is a simple method to convert an inactivated  pEBAct-ins with or without pEBAct-glut2 into the STZ-
virus containing lipid envelop into gene transfer vector.  induced diabetic rat liver. At 4 days after the transfection
They used this technology to introduce plasmid DNA  of pEBAct-ins with or without pEBAct-glut2, the rat liver
directly into inactivated HVJ-E and investigated the  showed expression of insulin (Figure 1b and ¢). In
feasibility of using this HVJ-E vector for gene transfer.  contrast, in the control vector-transfected rat, positive
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Figure 1 Hepatic insulin and GLUT 2 gene expression. (a—g) Immunohistochemistry. Anti-insulin antibody (a—d) or anti-GLUT2 antibody
(e~g) staining of liver sections from STZ-induced diabetic rats treated with conirol vector (a, e), pEBAct-ins (b, f), or pEBAct-ins plus pEBAct-
glut2 (¢, g) and killed 4 days later. (d) Anti-insulin antibody staining of liver sections from a STZ-induced diabetic rat treated with pEBAct-ins
plus pEBAct-glut2 and killed 25 days later. (h) Western blot analysis of hepatic GLUT 2 expression in diabetic control transfected with control
vector and in STZ-induced diabetic rats treated with pEBAct-ins with or without pEBAct-glut2. Total protein was extracted from the
indicated tissues 4 days after treatment and subjected to Western blot analysis as described in the Materials and methods. The data were
quantified and expressed as means+s.e.m. of five separate measurements (lower panels). C, STZ-induced diabetic rats treated with control
vector; Ins, STZ-induced diabetic rats treated with pEBAct-ins; Ins/G, STZ-induced diabetic rats treated with pEBAct-ins plus pEBAct-glut2.
Statistically significant differences compared with C are indicated by *P<0.01.
Gene Therapy
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staining was not observed (Figure 1a). Moreover,
prolonged in vivo insulin gene expression was achieved
by using the EBV replicon vector, as shown by the rat
liver harvested 25 days after transfection (Figure 1d).
The liver cells normally expressed GLUT 2 (Figure 1e).
Transfection with pEBAct-ins did not affect GLUT 2
expression levels, but transfection with pEBAct-glut2
markedly increased expression (Figure 1g). These results
were confirmed by Western blot analysis of GLUT 2
protein levels in primary isolated hepatocytes at 4 day
after transfection (Figure 1h).

Effect of cotransfecting insulin and GLUT 2 on blood
glucose levels and body weight in STZ-induced
diabetic rats

STZ-induced diabetic rats showed extremely high fasting
blood glucose levels that rose to 20.82+0.39 mmol/L
In the rats treated with pEBAct-ins (with or without
pEBAct-glut?), the fasting blood glucose levels dropped
dramatically, close to the levels observed in nondiabetic
rats (Figure 2a). Normal blood glucose levels were
maintained until 22 days after treament, until which
point the glucose levels did not significantly differ from
those of nondiabetic rats (Figure 2a). The addition of
pEBAct-glut2 to pEBAct-ins did not alter the fasting
glucose levels.

While STZ treatment markedly reduced body weight,
insulin-vector treatment induced a progressive gain in
body weight. Notably, the addition of pEBAct-glut2 to
the insulin treatment enhanced the rate of weight gain
to the point statistically significant differences between
the pEBAct-ins alone (Ins) and pEBAct-ins/-glut2 rats
(Ins/G) started to be observed from day 20 to day 25
(Figure 2b).

Plasma insulin and C-peptide levels

To confirm that the hypoglycemic effects observed are
due to hepatic insulin gene expression, we measured
plasma insulin and C-peptide levels in 8 h-fasting rats
treated or not with the insulin gene. At 4 days after
treatment, negligible amounts of rat insulin and C-
peptide were found in the plasma of the STZ-induced
diabetic rats, irrespective of whether or not they were
treated with the insulin gene. In contrast, significant
amounts of human insulin and C-peptide were detected
in the plasma of diabetic Ins and Ins/G rats, indicating de
novo synthesis from the delivered gene (Figure 3). At day
25, plasma insulin levels decreased to ~40% of the day
4 levels (Figure 3a), which was also reflected by the
increased blood glucose levels (Figure 2a).

Glucose responsiveness of the hypoglycemia induced
by pEBAct-ins/-glut2 cotransfection

We examined whether cofransfecting pEBAct-ins and
pPEBAct-glut2 helps the diabetic rat to regulate its blood
glucose levels in response to exogenous glucose loading.
The intraperitoneal glucose tolerance test (IPGTT)
revealed that the blood glucose levels of diabetic Ins/G
rats peaked within 60 min and then decreased at
120 min, similar to the glucose levels of nondiabetic
control rats. In diabetic Ins rats, fasting blood glucose
levels were similar to those of control and diabetic Ins/G
rats. However, the blood glucose levels at 120 min were
significantly higher than those of nondiabetic control
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Figure 2 Effect of insulin and GLUT 2 vector transfection on
fasting blood glucose levels and body weight. At 8-h-fasting blood
glucose levels (a) and body weights (b) in STZ-induced diabetic rats
(n=>5 per group) were measured daily after injecting the indicated
vector(s). NC, nondiabetic control rats; STZ-C, STZ-induced
diabetic rats treated with control vector; Ins, STZ-induced diabetic
rats treated with pEBAct-ins; Ins/G, STZ-induced diabetic rats
treated with pEBAct-ins plus pEBACt-glut2; S, STZ injection day;
T, day of treatment with pEBAct-ins with or without pEBAct-glut2.
Values shown are means +s.e.m. Statistically significant differences
compared with Ins/G are indicated by *P <0.05.

or diabetic Ins/G rats (Figure 4a). We also measured
2 h-postprandial glucose levels on day 4 and day 22. The
rats were fasted for 12 h and then given dietary chow
from 6 pm. Glucose levels measured at 8 pm showed
that postprandial glucose levels in diabetic Ins/G rats
were significantly lower than those in diabetic Ins rats
(Figure 4b).

Stimulation of insulin secretion by glucose

and glibenclamide

We asked whether the glucose-responsive hypoglycemia
induced by pEBAct-ins/-glut2 cotransfection is mediated
by glucose-stimulated insulin secretion. For this purpose,
we transfected HepG2 human hepatoma cells with
pEBAct-ins alone (HepG2ins) or with pEBAct-glut2
(HepG2ins/g). As shown in Figure 5a, the basal (5 mMm
glucose) insulin secretion of HepG2ins/g cells did not
differ from that of HepG2ins cells. The static stimulation

w
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Figure 3 Effect of insulin and GLUT 2 vector transfection on
plasma insulin and C-peptide levels. Four or 25 days after
treatment, 8 h fasting plasma insulin (a) and C-peptide (b) levels
(n=>5 per group) were measured as described in the Materijals and
methods. NC, nondiabetic control rats; STZ-C, STZ-induced
diabetic rats treated with control vector; Ins, STZ-induced diabetic
rats treated with pEBAct-ins; Ins/G, STZ-induced diabetic rats
treated with pEBAct-ins plus pEBACt-glut2. Values are shown
means +s.e.m. Statistically significant differences compared to STZ-
C are indicated by *P <0.001.

of HepG2ins/g with 25 mM glucose for 1 h significantly
increased insulin secretion relative to the basal glucose
level. In contrast, the static stimulation with 25 mM
glucose did not increase the insulin secretion by
HepG2ins cells. Thus, these data suggest that cotransfec-
tion of hepatic cells with pEBAct-ins/-glut2 elevates
their glucose-responsive insulin secretion. We next
examined the changes in plasma insulin levels in
response to glibenclamdie. As shown in Figure 5b,
plasma insulin levels of nondiabetic control rats gradu-
ally increased and peaked at 90 min after intraperitoneal
glibenclamide administration. A similar trend was
observed in diabetic Ins/G rats, even though the level
of stimulation by glibenclamide was lower than in
diabetic Ins/G rats. On the other hand, plasma insulin
levels in diabetic Ins rats were not affected by glib-
enclamide. These data suggest that insulin secretion from
hepatocytes in Ins/G rats was mediated by functional
Karp channels (see below).

Response of whole-cell membrane currents

fo high glucose stimulation

We next, investigated whether the in vivo and in vitro
glucose-responsive insulin secretion induced by insulin
and GLUT 2 vector cotransfection is mediated by
functional Karp channels. For this purpose, we measured
the Karp channel current in empty-vector-transfected
HepG2, HepG2ins and HepG2ins/g cells by using the
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Figure 4 Glucose responsiveness of the hypoglycemia induced by
cotransfecting the insulin and GLUT 2 vectors. (a) Intraperitoneal
glucose tolerance test. The indicated rats were loaded intraperito-
neally with glucose (2 g/kg) after a 6 h fast and blood glucose levels
were measured at the indicated time points. Statistically significant
differences compared with Ins are indicated by *P<0.01. (b)
Postprandial glucose levels. Rats were fasted for 12 h before feeding
and then 2-h-postprandial glucose levels were measured on day 4
and 22 after gene therapy. Horizontal bars mark the mean for each
group (n=10). *P<0.001 and *P<0.01. NC, nondiabetic control
rats; STZ-C, STZ-induced diabetic rats treated with control vector;
Ins, STZ-induced diabetic rats treated with pEBAct-ins; Ins/G, STZ-
induced diabetic rat treated with pEBAct-ins plus pEBACt-glut2.

whole-cell patch-clamp technique (Figure 6). The 200-ms
ramp pulses from —100 to +80 mV were applied at a
holding potential of —50mV. To amplify the current
through the Karp channel, the channel-specific opener
diazoxide (300 uM) was added to the bath solution prior
to glucose application. The reversal potentials of the
currents in the presence of diazoxide were around —40~
to —50 mV in the three different cells, which suggests
they are mainly K* currents. In addition, the recorded
current was much greater in HepG2ins/g cells compared
to that in the empty-vector-transfected HepG2 control
and HepG2ins cells, implying that functional Kare
channel is more presented in the cell membrane of
HepG2ins/g cells. When 20 mM glucose was added, the
diazoxide-induced current was inhibited (Figure 6b),
suggesting that the Ksrp channel responds to increase in
ATP level by glucose in HepG2ins/g cells.

Liver toxicity analysis of HVJ-E vector containing EBV
plasmid

As shown in Table 1, elevations in liver function
parameters were found in STZ-induced diabetic rats on
day 4 and day 22, respectively. This was in contrast to
STZ-induced diabetic rats, diabetic Ins and Ins/G rats,
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Figure 5 Stimulation of insulin secretion by glucose and glib-
enclamide (a) Effect of static stimulation with glucose on insulin
secretion by HepG2 cells. HepG2 cells were transfected with
pEBAct-ins with (HepG2ins/g) or without pEBAct-glut 2 (Hep-
G2ins) and then treated with 5 or 25 mM glucose. Insulin secretion
was determined as described in the Materials and methods.
Statistically significant differences compared with HepG2ins are
indicated by *P <0.01. The values shown are means+s.e.m. (n=4).
(b) Effect of glibenclamide on plasma insulin levels. The indicated
rats were intraperitoneally administered glibenclamide (10 mg/kg)
after a 6h fast and plasma insulin levels were measured at the
indicated time points. NC, nondiabetic control rats; STZ-C, STZ-
induced diabetic rats treated with control vector; Ins, STZ-induced
diabetic rats treated with pEBAct-ins; Ins/G, STZ-induced diabetic
rat treated with pEBActins plus pEBACt-glut2. Statistically
significant differences compared with Ins are indicated by
*P<0.05. The values shown are means+ts.em. (n=5 for each

group).

which showed no relative changes in these parameters
at day 4. Moreover, insulin gene transfer significantly
improved these parameters on day 22 compared to STZ-
induced diabetic rats. A histological examination on day
22 of the liver tissue of diabetic Ins/G rats revealed no
detectable damage, whereas liver tissue from STZ-
induced diabetic rat showed mild infiltration by inflam-
matory cells (data not shown).

Discussion

In the present study, we developed an alternative insulin
gene transfection strategy that may be potentially more
feasible in a clinical setting than existing strategies. This
strategy involved direct liver injection of an HVJ-E vector
bearing EBV replicon vectors encoding the insulin and
GLUT 2 genes. Here, we report that application of this
strategy to STZ-induced diabetic rats resulted in pro-
longed hepatic insulin gene expression and sustainted
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lowering of blood glucose levels. Moreover, we showed
that when GLUT 2 was cotransfected with insulin, the
blood glucose levels rose upon exogenous glucose
loading and then returned to baseline with kinetics that
resembled those in nondiabetic rats. In addition, post-
prandial glucose control in diabetic rats cotransfected
with insulin and GLUT 2 was better than in diabetic rats
transfected with insulin alone. We also showed that these
effects are likely to be mediated by glucose-stimulated
insulin secretion.

Pancreatic beta cells represent a highly differentiated
cell type with specific properties, most notably, the
regulated secretion of insulin. It is not easy to reconstruct
this regulated system outside the pancreatic beta cells,

as several cellular structures and proteins are required

for the secretion of insulin in response to changes
in extracellular glucose levels. In this regard, liver cells
may turn out to be good candidates for regulated insulin
secretion, as liver cells and pancreatic beta cells are
similar in terms of their expression of GLUT 2 and the
glucose phosphorylation enzyme glucokinase, which
comprise the key elements of the glucose-sensing
system.”” Moreover, Karp channels, which are the final
effector molecules involved in insulin secretion in
pancreatic beta cells, are normally expressed in liver
cells.”® However, Karp channels in primary rat hepato-
cytes are not affected by voltage or Ca®* stimulation.?®
Thus, glucose-mediated ATP production and the sub-
sequent reduced activity of functional Kare channels are
essential for the reconstruction of a glucose-responsive
system. With regard to this, Liu et al.® reported that the
coexpression of insulin and GLUT 2 genes in HepG2 cells
inhibits functional K p channel currents and increases
glucose-stimulated insulin secretion. We have confirmed
these observations in this study. Moreover, when we
employed these observations in the insulin gene therapy
of STZ-~induced diabetic rats, we found that diabetic Ins/
G rats had improved glucose tolerance and secreted
more insulin in response to glibenclamide. As a result,
postprandial glucose levels were more improved in
diabetic Ins/G rats.

Unlike virus-based methods to deliver genes, nonviral
delivery methods are considered to be safe, cost-
effective and less likely to induce immune responses.
However, they are hampered by a more limited time
span of transgene expression as well as lower gene
transfer efficacy compared with viral vectors.® For
example, it has been shown that while intravenous or
intraportal treatment of STZ-induced diabetic rats with a
nonviral vector expressing the insulin gene improved
their blood glucose levels, the animals became hypergly-
cemic again within 1 week.>®®' The duration of gene
expression can be improved by employing the EBV-
based plasmid vector in various tissues,’®'1%2% even
though some reports showed prolonged gene expression
without the EBV replicon.?**® With regard to insulin gene
delivery into liver, recently, Yasutomi ef al.>® reported that
hydrodynamic-based transfection of diabetic mice liver
with naked EBV-based plasmid vectors containing the
proinsulin gene resulted in efficient hormone produc-
tion. In this study, we found that the employment of EBV
replicon vector system led to prolonged expression of the
transfected insulin gene and lowering blood glucose
levels did not significantly differ from those of nondia-
betic rats for 22 days. On the other hand, transfection of
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Figure 6 Effect of glucose on whole-cell currents in HepG2 cells transfected with pEBAct-ins/-glut2. (a) Mean current-voltage relationships
in the absence of glucose (i) or the presence of 20 mM glucose (ii). Diazoxide (300 uM) was present in the bath solution on all occasions. Values
shown are means+s.e.m. (n =4-6 for each trace). (b) Representative traces in the absence of glucose (i) or the presence of 20 mM glucose (ii)
obtained by 200-ms ramp pulses from —100 to +80 mV applied at a holding potential of —50 mV. HepG2, empty-vector-transfected HepG2
cells; HepG2ins, HepG2 cells transfected with pEBAct-ins; HepG2ins/g, HepG2 cells transfected with pEBAct-ins plus pEBAct-glut2.

Table 1 Profile of parameters of liver function in the experimental animal model

NC 4 days (n=38 for each group) 22 days (n=24 for each group)
STZ-C Ins Ins|G STZ-C Ins Ins/G
AST 78.2+5.6 102.5+6.7* 94.946.7* 92.7+4.4* 145.9+9.3% 99.1+6.3* 92.5+6.9*
ALT 634437 88.6+7.5% 91.6+5.6* 86.8+6.7% 149.7 £7.9%* 97.4+8.3* 93.1+94*
ALP 38.6+34 60.3+5.3* 54.14-5.7* 46.7+3.3 73.5+4.6" 53.4+3.5% 51.445.1%
T-Bil 0.26+0.03 0.3940.03* 0.33+0.04 0.31+0.05 0.69+0.06** 0.424-0.03* 0.37 +£0.04%

Data are shown as mean+s.e.m., *P <0.05 compared with NC, **P <0.001 compared with NC, *P<0.01 compared with STZ-C (22 days),
#P <0.05 compared with STZ-C (22 days). NC = nondiabetic control rats; STZ-C =STZ-induced diabetic rats; Ins =STZ-induced diabetic rats
treated with pEBAct-ins; Ins/G =S5TZ-induced diabetic rats treated with pEBAct-ins plus pEBACt-glut2; AST =aspartate transaminase
(U/L); ALT =alanine transaminase (U/L); ALP =alkaline phosphatase (U/L); T-Bil = total bilirubin (mg/dl.

HVJ-E vector with insulin plasmids lacking EBV led to
this range of fasting glucose levels only for 7 days (data
not shown). It has been suggested that the EBV replicon
vector may be more stable in nondividing rodent cells
compared to dividing rodent cells, presumably because
of its ability to be retained in the nucleus. Due to this,
liver cells may be a good target for long-term expression
of the insulin gene in the EBV replicon vector. The ability
of the plasmid to autonomously replicate in human cell
lines may be another advantage of the EBV replicon
vector,’**2 which can be useful in clinical application.
However, it will be necessary to develop a technique that
enables more prolonged gene expression for this method
to be used in a clinical context.

We and others have reported that HVJ-liposome-
mediated gene delivery is successful in transferring

Gene Therapy

genes into target tissues.’?>?>2* QOur previous study
showed that fasting blood glucose levels in STZ-induced
diabetic rats were transiently normalized by portal vein
injection of HVJ-liposomes containing human insulin
expression vector.>® Alternatively, repeated intravenous
adminijstrations of the insulin vector can also result in
a sustained improvement of blood glucose levels in
diabetic animals without antigenecity against HV].*
However, systemic administration of the insulin gene
may cause gene expression in an unwanted tissue and
other systemic side effects. To overcome these issues, we
developed a HVJ-E vector delivery system that is even
more effective than HVJ-liposomes for in vivo gene
transfer, especially when injected directly into the liver.?®
In this study, the target gene was delivered into a
surgically exposed rat liver. However, ultrasound-guided
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transcutaneous liver injections have been clinically
established as a relatively safe technique in human.
Thus, repeated injections of the gene would also be
feasible in clinical practice.

In conclusion, liver-directed gene therapy using an
HVJ-E vector containing EBV plasmids resulted in a
prolonged decrease in blood glucose levels in STZ-
induced diabetic rats. Moreover, our data suggest that
cotransfecting genes encoding insulin and the GLUT 2
transporter reconstitutes a physiologically regulated
insulin secretion system in the diabetic rat liver. The
present study provides a novel insulin gene therapy
strategy that could be applied in clinical medicine in the
future.

Materials and methods

Construction of plasmids

Furin-cleavable human preproinsulin cDNA was con-
structed as described previously.” Human GLUT 2
c¢DNA was purchased from Korea UniGene Information
(Daejeon, Korea).

The EBV-based plasmid (pEBc) expression vector was
constructed by subcloning the human insulin gene and
the human GLUT 2 gene. The EBV-based plasmid
contained the EBV origin of replication (oriP), the EBV
nuclear antigen EBNA-1 and the ampicillin-resistance
gene. pEBAct was constructed by replacing the cytome-
galovirus promoter of pEBc with the chicken B-actin
promoter derived from pAct-CAT.?® pEBAct-ins was
constructed by cloning the insulin gene into the
BamHI/Xbal site of the pEBAct plasmid. pEBAct-glut2
was constructed by cloning the GLUT 2 gene into the
EcoRI/Notl site of the pEBAct plasmid. The sequences
of all the cloning plasmids were confirmed by DNA
sequencing. Plasmids were amplified in DH-5¢ cells and
purified by a Qiagen plasmid Maxi kit (Qiagen, Hilden,
Germany).

Primary rat hepatocyte isolation and cell culture
Primary rat hepatocytes were isolated from rat liver at
4 days after transfection. Rats were anesthetized with
sodium pentobarbital (50 mg/kg body weight) and the
liver of each animal was surgically exposed. The liver
was first perfused with resuspension buffer (150 mM
NaCl, 10mM KCl, 1mM NaH,PO,-2H,O, 0.8 mM
Na,HPO,:2H,0O, 1 mM EGTA, 0.8 mM NaHCO;, 10 mM
D-glucose, 10 mM HEPES, pH 7.2) at 30-50 ml/min for
5-10 min and was perfused with collagenase solution
(HBSS 9.5 g/1), 0.8 mM NaHCO;, 0.9 mM CaCl,-2H,0,
10 mM HEPES, 0.5 g/1 collagenase IA (Sigma, St Louis,
MO, USA), 50 mg/1 trypsin inhibitor, pH 7.5) at 30-
50 ml/min for 5-10 min. After perfusion, the liver extract
was chapped and filtered, and a pellet was obtained
by centrifugation at 800 r.p.m. for 2-5min at 4°C. The
hepatocyte viability greater than 80% as detected by
trypan blue was used for protein extraction.

HepG2 human hepatoma cells were grown in DMEM
(Gibco-BRL, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA)
penicillin (10000 U/ml) and streptomycin (10 000 ug/
ml) at 37°C in a 5% CO, humidified atmosphere.
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Transfection of HepG2 cells and static stimulation

of insulin secretion

HepG2 cells were maintained until reaching 60-80%
confluence, after which 1 x 10° cells/well were seeded in
12-well plates and fed with 1 ml/well culture medium
prior to the transfection. All transfections were carried
out with LipofectAmine 2000™ reagent (Invitrogen,
Carlsbad, CA, USA). The expression plasmid DNA and
reagent (molar ratio; DNA:lipid =1:3) mixtures were
added to the culture plates according to the manufac-
turer’s instructions. After transfection, the cells were
incubated at 37°C for 5 h, after which culture medium
with 0.5% FBS was added and the cells were cultured
in a 5% CO, incubator for 24 h. To assess the effect of
statically stimulating insulin secretion, the cells were
incubated for 1h in modified Krebs-Ringer bicarbonate
buffer (114 mM NaCl, 4.4 mM KCI, 1 mM MgS0O,, 29.5 mM
NaHCO;, 1.28 mM CaCl,, 0.1% BSA, 10 mM HEPES, pH
7.4), after which 5 or 25 mM glucose was added for 1h.
The supernatant was collected and the secreted insulin
levels were analyzed by using a rat insulin radio-
immunoassay kit (Linco Research, St Charles, MO, USA).

Recordings of single K aze channel activity

The whole-cell configuration of the conventional patch-
clamp technique was used to measure the diazoxide-
induced Kayr current of HepG2ins, HepG2ins/g or
empty-vector-transfected HepG2 cells. Patch pipettes
had a resistance of 3-5MQ. The whole-cell currents
were recorded by using an Axopatch 200B patch-clamp
amplifier (Axon Instruments, Forster, CA, USA), passed
onto an A/D converter (Digidata 1312; Axon) and later
analyzed with Pclamp 8.2 software (Axon). Data were
filtered at 5 kHz and sampled at 1 kHz.

During the experiments, single cells on a cover glass
(10 x2mm) were bathed in a solution composed of
(in mM) 140 Na-acetate, 1 MgCl,, 1 CaCl,, 10 HEPES,
adjusted to pH 7.4 with NaOH. The pipette solution
contained (in mM) 136 K-acetate, 4 KCI, 1 EGTA, 10
HEPES, adjusted to pH 7.3 with KOH. The experiments
were performed at room temperature (20-22°C).

Diabetes induction by STZ

The 8-week-old male Sprague-Dawley rats (Hyochang,
Daegu, Korea) weighing between 230 and 260 g were
used. Diabetes was induced in rats by two consecutive
intraperitoneal injections of STZ (80 mg/kg body weight;
Sigma, 5t Louis, USA). Only rats with blood glucose
levels above 300 mg/dl were kept in the protocol and
randomized for the experiments. All procedures were in
accordance with the institutional guidelines for animal
research.

In vivo gene delivery

Diabetic rats were anesthetized with sodium pento-
barbital (50 mg/kg body weight) and the liver of each
animal was surgically exposed. The HVJ-E vector was
donated by Ishihara Sangyo Kaisha Ltd (Osaka, Japan).
The HVJ-E vector containing pEBAct-ins (100 ug) with or
without pEBAct-glut2 (100 ug) was directly injected into
four sites on the right lobe margin of the liver. After
confirming the absence of backward flow, the rat abdo-
mens were sutured.
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IPGTT and glibenclamide stimulation test

For IPGTT and glibeclamide stimulation tests, rats were
fasted for 6h, glucose (2g/kg of body weight) or
glibenclamide (10 mg/kg of body weight) was injected
intraperitoneally, and blood was drawn from the tail vein
every 15 or 30 min. Blood glucose and insulin levels were
then measured.

Measurement of blood glucose, plasma insulin

and C-peptide, and serum AST, ALT, ALP and total
bifirubin levels

Blood glucose levels were measured by glucose reagent
strips and a glucometer (Abbott) or by the glucose
oxidase method (Cobas integra 800, Roche, Switzerland).
Plasma insulin levels were measured by using an *°I-
insulin double antibody rat insulin radioimmunoassay
kit (Linco Research). This radioimmunoassay recognizes
both proinsulin and active insulin of rat and human.
C-peptide levels were measured by using a human or rat
1251.C-peptide double antibody radioimmunoassay kit
(Linco Research). The serum levels of AST, ALT, ALP and
total bilirubin were measured in an autochemical
analyzer (Hitachi 747, Tokyo, Japan) using the ultraviolet
assay method.

Western blot analysis

The primary isolated hepatocytes were homogenized in
IPH lysis buffer (50 mM Tris (pH 8.0), 150 mM NaCl,
5 mM EDTA, 0.5% NP-40, 100 mM PMSF, 1 M DTT, 1 mg/
ml leupeptin, 1 mg/ml aprotinin). Cells were extracted at
4°C for 30 min and then centrifuged at 12 000 r.p.m. for
20 min. The supernatant was collected and served as the
cell Iysate. Protein quantification was determined by
using a Bradford protein assay system (Biorad Labora-
tories, Hercules, USA). Cell lysates (30 ug/lane) were
subjected to 10% SDS-PAGE electrophoresis and trans-
ferred to an Immobilon-P-transfer-membrane (Millipore,
Bedford, MA, USA). The membrane was reacted with
rabbit anti-GLUT-2 1:1000 (Alpha Diagnostic, San Anto-
nio, TX, USA), followed by incubation with a horseradish
peroxidase-linked secondary antibody and detection
using the ECL Western blotting detection system, as
specified by the manufacturer.

Histological analysis

After their transfection with the HVJ-E vector, the
animals were either killed when their glucose levels
became lower (day 4) or at the end of the study (day 25).
Liver tissues were collected by perfusion, fixed in 4%
paraformaldehyde, and embedded in paraffin. For
immunohistochemistry, 4 yum thick sections were cut,
incubated with mouse anti-insulin monoclonal antibody
(1:300 dilution; Chemicon, CA, USA) and processed for
DakoCytomation (Dako Co, CA, USA) immunohisto-
chemistry according to the standard manual protocol.

Statistical analysis

Results are expressed as meanzs.ean. Analysis of
variance was performed with Duncan’s test and used
to determine significant differences in multiple compar-
isons. Differences were considered to be statistically
significant at P<0.05. All experiments were performed at
least three times.
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Abstract

To enter the realm of human gene therapy, a novel drug delivery system is required for efficient delivery of small molecules with
high safety for clinical usage. We have developed a unique vector “HVIJ-E (hemagglutinating virus of Japan-envelope)” that can
rapidly transfer plasmid DNA, oligonucleotide, and protein into cells by cell-fusion. In this study, we associated HVJ-E with mag-
netic nanoparticles, which can potentially enhance its transfection efficiency in the presence of a magnetic force. Magnetic nanopar-
ticles, such as maghemite, with an average size of 29 nm, can be regulated by a magnetic force and basically consist of oxidized Fe
which is commonly used as a supplement for the treatment of anemia. A mixture of magnetite particles with protamine sulfate,
which gives a cationic surface charge on the maghemite particles, significantly enhanced the transfection efficiency in an in vitro cell
culture system based on HVJ-E technology, resulting in a reduction in the required titer of HVJ. Addition of magnetic nanoparticles
would enhance the association of HVJ-E with the cell membrane with a magnetic force. However, maghemite particles surface-coat-
ed with heparin, but not protamine sulfate, enhanced the transfection efficiency in the analysis of direct injection into the mouse liver
in an in vivo model. The size and surface chemistry of magnetic particles could be tailored accordingly to meet specific demands of
physical and biological characteristics. Overall, magnetic nanoparticles with different surface modifications can enhance HVJ-E-
based gene transfer by modification of the size or charge, which could potentially help to overcome fundamental limitations to gene
therapy in vivo.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Magnetic nanoparticle; HVJ-E; Drug delivery system; Gene therapy

of targeting is still insufficient for rapid and specific accu-
mulation of active vectors in target tissues. One solution is

Progress in gene therapy requires a novel drug delivery
system (DDS). To enhance the transfection efficiency, we

developed a hybrid vector utilizing the envelop of HVJ
(hemagglutinating virus of Japan). The HVI-E vector
rapidly transfers plasmid DNA, oligonucleotide or pro-
tein into cells by cell fusion [1]. However, this modality
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to engineer the surface proteins of viral vectors or to cou-
ple targeting ligands to viral as well as non-viral vectors,
which might further improve tissue selectivity [2-5]. Thus,
we examined modification of the membrane surface of
HYVIJ to achieve an improvement.

In this study, we focused on magnetic nanoparticles,
such as magnetite and maghemite, with an average size
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from 20 to 50 nm, which can be positionally regulated by a
magnetic force. Magnetic nanoparticles basically consist
of oxidized Fe, which is commonly used as a supplement
for the treatment of anemia. We hypothesized that the
association of magnetite and HVIJ-E technology could
allow the rapid attachment of HVJ-E and cells by applica-
tion of a magnetic force, leading to enhanced transfection
efficiency. Moreover, magnetic nanoparticles can be mod-
ified with several chemical compounds to allow modifica-
tion of the charge, size, and affinity. In addition, there is
increasing interest in using magnetic resonance imaging
(MRI) to monitor the in vivo behavior of proteins labeled
with magnetic nanoparticles [6,7]. Indeed, magnetic
nanoparticles were recently used for gene transfection, be-
cause magnetic targeting exploits paramagnetic particles
as drug carriers, guiding their accumulation in target tis-
sues with strong local magnetic fields [8,9]. Here, the pres-
ent study demonstrated that modification of magnetic
nanoparticles with protamine sulfate or heparin enhanced
the transfection efficiency associated with HVJ-E system
in cultured cells in vitro and in murine liver in vivo.

Materials and methods

Preparation of HVJ-E vector and plasmid DNA. HVI-E vector was
obtained from Ishihara (Osaka, Japan). Basically, aliquots of the
inactivated virus (6 AU) were suspended in 40 pl TE solution (10 mM
Tris—Cl, pH 8.0, | mM EDTA) and mixed with plasmid DNA (30 pg),
and 0.3% Triton X. The mixture was centrifuged at 18,500g for 15 min
at 4 °C. After washing the pellet with 1 ml balanced salt solution (BSS;
10 mM Tris—CI, pH 7.5, 137 mM NaCl, and 54 mM KCl) to remove
the detergent and unincorporated DNA, the envelop vector was sus-
pended in 300 pl BSS. The titer of the inactivated virus was modified
according to each experiment. pEGFP-C1 was purchased from Clon-
tech (CA, USA). pCMV-luciferase-GL2 or GL3 was constructed by
cloning the luciferase gene from the pGL2 (for in vitro culture) or
pGL3 (for in vivo experiment)-promoter vector (Promega, Madison,
WI, USA) into pcDNA3 (5.4 kb) (Invitrogen, San Diego, CA, USA).
Plasmids were purified with a Qiagen plasmid isolation kit (Hilden,
Germany). FITC-oligodeoxynucleotides (ODN) (random sequence)
were purchased from Gene Design (Osaka, Japan).

Preparation of magnetic HVJ-E vector. Commercially available
maghemite particle (NanoTek y-Feo;, C.I. KASEI) was used for the
preparation of magnetic HVJ-E vector and plasmid DNA in the present
study. The averaged primary size of maghemite particle used in this study
was 29 nm. The particles were mixed with protamine sulfate or haparin
solution to prepare magnetic nanoparticles modified with bio-polymers,
which consist of cationic polymer adsorbed with ferromagnetic nano-
sized particles. The prepared magnetic nanoparticles were then mixed
with HVIJ-E vector to provide ferromagnetism to the HVJ-E vector.

Measurement of zeta potential of maghemite particles. Zeta po-
tential is an important parameter in understanding electrostatic col-
loidal dispersion stability. Zeta potential is the charge that a particle
acquires in a particular medium. It is dependent upon the pH, ionic
strength and concentration of a particular component. The mobility of
particles undergoing electrophoresis is measured by the technique of
laser Doppler electrophoresis. This measured electrophoretic mobility
is then converted to zeta potential using established theories. In order
to know the surface property of the magnetic vector, the zeta potential
of the particles with and without surface modification was determined
using a capillary cell electrophoresis technique (Zetasizer Nano ZS,
Malvern, UK). Mixtures of magnetite particles with and without

surface modification with protamine sulfate or heparin and the pre-
pared magnetic HVJ-E vector and plasmid DNA were used.

Gene transfer in vitro and in vivo. For in vitro transfection, 5 x 10°
cells were prepared in 6-well culture dishes at 1 day before transfection.
HVI-E vector (1 or 0.2 AU) containing luciferase plasmid (GL2: 5 or
1 pg) or FITC-ODN (2 or 0.4 pug) was mixed with various concentra-
tions of magnetite and DMEM containing 10% FCS, and added to
cells cultured in DMEM supplemented with 10% FBS on a magnetic
sheet. The magnetic sheet was placed under the 6-well culture dish. The
magnetic field gradient is one of the parameters affecting the strength
of the magnetic force applied to the magnetic vectors to sediment to
the cell surface. Magnetic field measurements were performed by Hall
detector to calculate the magnetic field gradient. A 3-axis Hall effect
teslameter (MetroLab THM 7025, METROLAB Instruments SA,
Switzerland) was used to measure the magnetic field. The averaged
value of the measured magnetic field at the sheel surface was
approximately 1.2mT and the calculated value of the field gradient
was 1.7 mT/cm. After 10 min of incubation at 37 °C under 5% CO,,
the medium was replaced and the cells were cultured overnight before
examination of gene expression. GFP expression or FITC ODN-
transfected cells were observed under a fluorescence microscope.

For in vivo transfection, HVJ-E vector (2 AU) containing luciferase
gene or GFP (10 pg) suspended in 100 pl PBS was injected directly into
the liver of BALB/c mice (8 weeks of age; = 5-9) with several kinds of
magnetite. All animals were handled in a humane manner in accordance
with the guidelines of the Animal Committee of Osaka University.
Frozen sections of liver were stained with hematoxylin or immuno-
stained with anti-GFP antibody (Molecular Probes, Eugene, OR).

Luciferase activity and LDH release. Luciferase activity was mea-
sured following the manufacturer’s instructions (Promega Madison)
[10]. Twenty-four hours after transfection, cells were washed once with
PBS and then incubated with lysis buffer. The protein concentration
was determined using the Bio-Rad protein assay adapted for use in a
96-well plate. After 20 pl cell extract was mixed with 100 pl luciferase
assay reagent (Promega, Madison), the light produced was measured
for 25 using a luminometer.

The extent of cell death was assessed using a commercially avail-
able kit (Wako, Osaka) to measure released LDH activity from dead
cells according to previous reports [11,12], because loss of cell mem-
brane integrity was observed in both necrotic and apoptotic cells. The
percentage of LDH release was calculated relative to the maximum cell
death of cells treated with 1% Triton X-100 for 10 min.

Electronmicroscopy. Electron microscopic observation was per-
formed as previously described [1]. After mixing HVI-E vector and PS-
coated magnetite, they were fixed at 4 °C with 1% glutaraldehyde for
2 h and washed twice with 0.1 M phosphate buffer, 10% sucrose. They
were further fixed with 1% osmium tetroxide for 30 min and washed
twice with 0.1 M phosphate buffer 10% sucrose, and dehydrated
through a graded ethanol series (70-100%) and propylene oxide. They
were then embedded in epoxy resin (Quetol 812). For transmission
electron microscopic (TEM) observation, ultrathin sections were ob-
tained with an ultramicrotome, stained doubly with uranyl acetate and
lead citrate, and observed under an electron microscope (H-7100
Hitachi) at an accelerating voltage of 75kV.

Statistical analysis All values are expressed as means 4 SEM.
Analysis of variance with subsequent Bonferroni’s/Dunnet’s test was
employed to determine the significance of differences in multiple com-
parisons. Values of P < 0.05 were considered statistically significant.

Results
Basic characteristics of magnetic nanoparticle, maghemite

To evaluate the HVJ-E vector system mixed with
maghemite, we measured luciferase activity to evaluate
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transfection activity and LDH release to evaluate cell
toxicity after transfection. We mixed several doses of
maghemite (from 100 ng/ml to 1 mg/ml) with HVJ-E
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vector infusing luciferase plasmid. However, unexpect-
edly, we did not find any improvement in transfection
efficiency as assessed by luciferase activity in BHK-21
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Fig. 1. Transfection efficiency (luciferase activity) and cell toxicity (LDH release) of maghemite-associated HVJ-E vector. (A} HVJ-E vector (1 AU)
containing the luciferase expression plasmid (5 ug) was transferred to BHK-21 cells seeded in 6-well dishes with various concentrations of non-coated
maghemite and incubated for 10 min. The final concentrations of maghemite were as follows: 0, 0.1, 1, 10, 100, and 1000 pg/ml non-coated
maghemite. *P < 0.01 vs. magnetite (—). (B) HVJ-E vector (1 HAU) containing the luciferase expression plasmid (5 ug) was transferred to BHK-21
cells seeded in 6-well dishes with various concentrations of protamine sulfate-coated maghemite and incubated for 10 min. The final concentrations of
PS and PS-coated maghemite were as follows: 100 pg/ml PS, 1, 10, and 100 pg/ml PS-coated maghemite. (C) HAU HVI-E vector (0.2 HAU)
containing the luciferase expression plasmid (1 pg) was transferred to BHK-21 cells with various concentrations of magnetite and incubated for
10 min. The final concentrations of PS and PS-coated maghemite were as follows; 100 ug/ml PS, 3, 10, and 30 pg/ml PS-coated maghemite.
Luciferase gene expression was examined 24 h after transfer. Results are shown as means + SE. *P < 0.01 vs. PS(—), "P < 0.01 vs. PS(+). (D)
Representative example of BHK-21 cells transfected with the EGFP plasmid (1 pg) or FITC-ODN (1 pg) using PS-coated maghemite (30 pg/mlj with
HVI-E vector (0.2 AU) under fluoromicroscopy. Upper panels show EGFP overexpressing cells and lower panels show FITC ODN-overexpressing
cells (magnification 100x). (E,F) HVJ-E vector (0.2 AU) containing luciferase expression plasmid was transferred to (E) COS7 and (F) Bovine aortic
cndothelial cells seeded in 6-well dished with various concentrations of maghemites and incubated for 10 min. The final concentration of PS or PS-
coated maghemite are as follows: 100 pg/ml PS, 3, 10, and 30 pg/ml PS-coated maghemite. Luciferase gene expression was examined 24 h after
transfer. Results are shown as means — SE. *P < 0.01 vs, PS(—), TP <0.01 vs. PS(+).
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cells, whereas a high dose of maghemite induced cell
death as assessed by LDH release (Fig. 1A). From these
results, we speculated that there might be a close associ-
ation, such as electrostatic interaction, between HVIJ-E
and maghemite. Since we have previously reported that
protamine sulfate (PS), a low-molecular-weight natural-
ly polycationic peptide (~4000 Da), enhanced the trans-
fection efficiency based on the HVIJ-E vector in an
in vitro culture system [l], we coated the surface of
maghemite with PS. After modification with PS, the zeta
potential of maghemite was changed to 23.8 = 1.8 mV
from 17.5 & 1.6 mV, which suggests that surface coating
of maghemite enhanced its cationic charge. Interesting-
ly, a mixture of PS-coated maghemite with HVJ-E vec-
tor significantly enhanced the transfection efficiency in
a dose-dependent manner (Fig. 1B, P < 0.01). However,
induction of cell death was still detected at a high dos-
age. To avoid cell toxicity, we reduced the PS-coated
maghemite dose and titer of HVJ-E. Finally, we found
a suitable dose of PS-coated maghemite (30 pg/mt) and

HVIJ-E titer (0.2 AU) for BHK celis (Fig. 1C). Using this
combination, addition of PS-coated maghemite to the
HVI-E vector significantly enhanced transfection effi-
ciency without apparent cell toxicity (Fig. 1C,
P <0.01). Using the same system, high transfection effi-
ciency into BHK cells was also achieved using EGFP
gene or FITC-oligodeoxynucleotide (Fig. 1D). We also
examined the transfection efficacy of this novel vector
system in COS7 cells and bovine aortic endothelial cells.
Although the absolute values of transfection efficiency
were different in each cell type, high transfection efficien-
cy could be obtained using the luciferase gene in COS7
cells without apparent cell toxicity (Fig. 1E, P <0.01).
Similarly, in bovine aortic endothelial cells, a mixture
of PS-coated magnetite with the HVIJ-E vector signifi-
cantly enhanced the transfection efficiency in a dose-de-
pendent manner (Fig. 1F, P <0.01). However, in bovine
aortic endothelial cells, treatment with PS (100 ng/mi) or
high-dose PS-coated maghemite (30 pg/ml) induced cell
toxicity assessed by LDH release. Thus, the optimum

500 nm

100 nm

Fig. 2. Representative transmission electron microscopic (TEM) views showing co-existence of HVJ-E vector and PS-coated maghemite: H, HVJ-E
vector; M, PS-coated maghemite. Bar = 500 nm in the left panel, and 100 nm in the right panel.
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Fig. 3. Transfection efficiency (luciferase activity or EGFP expression) of protamine sulfate (PS)- or heparin sulfate (HS)-coated maghemite with
HVIJ-E vector. HVJ-E vector (2 AU) containing luciferase (A) or EGFP (B) was injected into the liver with non-coated maghemite, 30 pg/ml PS-

coated maghemite, or 30 pg/ml heparin sulfate-coated maghemite.
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Table |
Serum AST, ALT, and LDH levels with each type of transfection

AST (U/L) ALT (U/L) LDH (IU)
HVJ-E only 266 + 32 205 + 43 804 479
HVIJ-E-PS-coated magnetite 411 + 95 147 £ 21 1113 £ 166
HVIJ-E-HS-coated magnetite 297 + 45 161 4+ 91 803+ 55

PS, protamine sulfate; HS, heparin sulfate.

dose of magnetic particles should be evaluated in each
cell type.

To confirm the interaction of magnetite and the HVJ-
E vector, we performed electron microscopy. PS-coated
maghemite and the HVI-E vector co-existed even
though a number of maghemite particles were aggregat-
ed around the HVJ-E vector (Fig. 2).

To explore transfection in vivo, we further evaluated
the maghemite-attached HVJ-E vector by direct injec-
tion into mouse liver. Unexpectedly, a mixture of
maghemite surface-coated with PS did not enhance the
transfection efficiency in the analysis of luciferase activ-
ity, differing from the in vitro system. Since co-treatment
with heparin has been reported to enhance the transfec-
tion efficiency of the HVJ-E vector in brain tissue [13],
we next coated the surface of maghemite with heparin,
which might antagonize the function of PS. The zeta po-
tential of maghemite was changed to —10.1 & 2.3 mV
from 17.5+ 1.6 mV, which suggests that the surface
coating of maghemite was changed to a fairly negative
net charge. A mixture of heparin-coated maghemite with
HVIJ-E vector significantly enhanced the transfection
efficiency in the liver (Fig. 3A, P <0.01). In contrast,
in BHK-21 cells, a mixture of heparin-coated maghemite
with HVJ-E vector did not increase the luciferase activ-
ity (data not shown). These data suggest that suitable
modifications for gene transfection differ between in vi-
tro and in vivo. Analysis of EGFP expression in the liver
by immunostaining, also confirmed marked expression
obtained with heparin-coated maghemite with HVIJ-E
vector containing the EGFP gene as compared to PS-
coated maghemite (Fig. 3B). For safety evaluation, the
serum levels of AST and ALT were not further elevated
in the heparin-coated maghemite group compared to the
control group (Table 1). Furthermore, we tried to en-
hance the transfection efficiency under the influence of
a magnetic field by placing a magnet on the surface of
the liver. However, no obvious improvement in lucifer-
ase activity in the liver was observed (data not shown).
Probably, a stronger magnetic field or more accurate
control of magnetite might be necessary to enhance it.

Discussion

In this study, we demonstrated that magnetic nano-
particles with different surface modifications enhanced
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HVIJ-E-based gene transfer by modification of the sur-
face charge. The fundamental principle of magnetically
enhanced transfection is simple and comprises the steps
of formulating a magnetic vector as described above,
adding it to the medium covering cultured cells or inject-
ing it locally into a target tissue, and in addition apply-
ing a magnetic field in order to direct the vector towards
the target cells. Interestingly, PS as the coating material
of nanoparticles was suitable in an in vitro cell culture
system, whereas heparin was suitable for gene transfer
into the mouse liver in vivo.

Recently, Plank et al. proposed a new method, mag-
netofection, which comprised the association of vectors
with superparamagnetic iron oxide nanoparticles under
the application of a magnetic field [8,14]. In this system,
the gene carrier itself represents a hybrid system charac-
terized by an iron oxide inner core and a coat consisting
of the cationic polymer, polyethyleminine (PEI). Using
this system, the cellular uptake by magnetofection pro-
ceeds obviously by endocytosis. Interestingly, PEI might
also assist the endosomal escape of a gene after transfec-
tion into cells. In contrast, in our system, transfection
was mediated by a cell fusion process of the HVJ-E vec-
tor, which did not require endosomal escape, was not by
endocytosis. Thus, we selected PS as the coating materi-
al of maghemite in combination with the HVI-E system,
as PS is a low-molecular-weight polycationic peptide
(~4000 Da) that is FDA approved as an antidote to
heparin anticoagulation [15,16]. Since both the surface
of HVJ-E and the cell membrane have a negative net
charge, cationic charged PS-coated maghemite can be
speculated to enhance the association of HVJ-E with
the cell membrane. Thus, PS-coated maghemite would
actively carry HVJ-E to cultured cells under a magnetic
force.

However, in an in vivo system, heparin, but not PS,
was suitable as the coating material in combination with
the HVIJ-E vector consistent with a previous in vivo re-
port [13] [17]. Of special interest regarding this result
was a previous report showing that co-infusion of tro-
phic factors and heparin into the rat brain significantly
enhanced the volume of distribution [18]. Thus, we spec-
ulate that the distribution of these vectors may be a key
to explaining this discrepancy between in vitro and in vi-
vo gene transfer. In addition, no immunohistochemical
data has been presented on potential toxic effects of hep-
arin. The size and surface chemistry of magnetic parti-
cles could be tailored accordingly to meet specific
demands of physical and biological characteristics.

Magnetically targeted drug delivery by particulate
carriers to a localized disease site may be efficient as
drugs, and very high concentrations of chemotherapeu-
tic or radiological agent can be achieved near the target
site, such as a tumor, without any toxic effects on nor-
mal surrounding tissue or the whole body. Magnetic
carriers receive their magnetic responsiveness to a
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magnetic field from incorporated materials such as mag-
netite, iron, nickel, cobalt, neodymium—iron-boron or
samarium-cobalt. As for biomedical applications,
magnetic carriers must be water-based, biocompatible,
non-toxic, and non-immunogenic. The first medical
application directly applied magnetite or iron powder.
The first clinical cancer therapy trial was performed in
Germany for the treatment of advanced solid cancer in
14 patients using magnetic microspheres that were about
100 nm in diameter and filled with 4’-epidoxorubicin
[19]. The phase I study clearly showed low toxicity of
the method and accumulation of MMS in the target
area. However, MRI measurements indicated that more
than 50% of MMS ended wup in the liver [20]. Conceptu-
ally, magnetic targeting is a very promising approach.
However, there are a number of physical, magnetism-re-
lated properties which require careful attention. First,
more responsive magnetic materials with defined and
homogenous material properties in a stable and defined
oxidation state need to be synthesized. Second, the size
must be small enough that they do not clog the blood
vessels through which they are guided to the target
organ. Third, altering the surface of magnetite with
appropriate molecules should be considered, to either
increase or decrease the interaction of magnetite with
tissues or organs. Fourth, the magnetite size must be
uniform enough to provide an equal probability of mag-
netic capture for each magnetite particle. Finally, the
fate of the particles in the body is an important consid-
eration both for local and systemic short- and long-term
toxicity. Thus, further improvements of this hybrid vec-
tor are required in future studies.

Overall, we have developed a novel hybrid vector of
HVIJ-E and magnetic nanoparticles with different sur-
face modifications in an in vitro culture system as well
as in vivo. Further modification of this system with
MRI might provide new therapeutic potential to achieve
tissue targeting.
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Abstract—The objective of this study was to prepare cationized gelatins grafted with poly(ethylene
glycol) (PEG) (PEG-cationized gelatin) and evaluate the in vivo efficiency as a non-viral gene carrier.
Cationized gelatin was prepared by chemical introduction of ethylenediamine to the carboxyl groups
of gelatin. PEG with one terminal of active ester group was coupled to the amino groups of cationized
gelatin to prepare PEG-cationized gelatins. Electrophoretic experiments revealed that the PEG-
cationized gelatin with low PEGylation degrees was complexed with a plasmid DNA of luciferase,
in remarked contrast to that with high PEGylation degrees. When the plasmid DNA complexed
with the cationized gelatin or PEG-cationized gelatin was mixed with deoxyribonuclease 1 (DNase I)
in solution to evaluate the resistance to enzymatic degradation, stronger protection effect of the
PEG-cationized gelatin was observed than that of the cationized gelatin. The complex of plasmid
DNA and PEG-cationized gelatin had an apparent molecular size of about 300 nm and almost zero
surface charge. These findings indicate that the PEG-cationized gelatin—plasmid DNA complex has
a nano-order structure where the plasmid DNA is covered with PEG molecules. When the PEG-
cationized gelatin-plasmid DNA complex was intramuscularly injected, the level of gene expression
was significantly increased compared with the injection of plasmid DNA solution. It is concluded that
the PEG-cationized gelatin was a promising non-viral gene carrier to enhance gene expression in vivo.

Key words: Poly(ethylene glycol); gelatin; complex; gene delivery.

INTRODUCTION

The recent rapid development of molecular biology together with the steady
progress of animal and plant genome projects has brought about some essential
and revolutionary information on genes to elucidate all the biological phenomena at
the molecular level [1-4]. In this situation, gene transfection is a key technology,
indispensable to progress in molecular biology research [5-11]. Based on the
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advent of genomics, new genes have been discovered and it is expected that
they become therapeutically available for various diseases in near future. In this
connection, gene therapy will be one of the new and promising medical therapies
[12-16]. From the viewpoint of pharmaceutical sciences, it is necessary for
successful gene therapy to achieve the delivery of genes to the target organ and
tissue [17-20]. The objective of gene therapy is to allow a gene to express the
coded protein in the target cells and consequently to treat disease by the protein
secreted from transfected cells. Thus, it is important to develop a technology and
methodology of a drug-delivery system to enhance the level of protein expression
accompanied with gene transfection. For gene therapy, the viral gene carriers,
such as adenovirus, retrovirus and adeno-associated virus, have been mainly used
because of the high efficiency of gene transfection, although the clinical trials are
quite limited by the adverse effects of virus itself, such as immunogenicity and
toxicity or the possible mutagenesis of transfected cells. The new viral gene carrier
with less adverse effects has been explored [21, 22], while the non-viral gene carrier
has been investigated to enhance the transfection efficiency [6]. Comparable to the
research and development of gene carriers, it will be important for in vivo gene
therapy to control the body distribution of gene carriers and consequently that of
gene complexed. When the complex of a plasmid DNA with a non-viral gene
carrier is given to cells or injected into the body in the solution form, the plasmid
DNA is rapidly and readily degraded and inactivated by enzymes or cells. As one
practically possible way to minimize the enzymatic degradation of plasmid DNA,
the surface of the plasmid DNA complex can be modified with polyethylene glycol
(PEG) or PEG-like polymers. PEG has been chemically introduced to gelatin to
prepare a PEG-introduced gelatin [23]. Following intravenous injection, the PEG-
introduced gelatin was retained in the blood circulation for a longer time period than
the original gelatin [23]. It is likely that gelatin is covered with PEG molecules and
protected from the enzymatic attack and the exclusion by the reticuloendotherial
system (RES).

Several synthetic materials, including cationic liposomes [24-26], poly(L-lysine)
{27-30] and polyethylenimine [31-36], have been molecularly designed to demon-
strate the successful DNA transfection into mammalian cells both in virro and
in vivo. Generally, since the plasmid DNA is a large and negatively charged mole-
cule, it is impossible to allow the plasmid DNA to internalize into cells even though
the attachment onto the cell membrane of negative charges takes place. When
the plasmid DNA is polyionically complexed with synthetic cationic polymers, the
molecular size of plasmid DNA decreases due to molecular condensation [37, 38].
It is likely that the condensed plasmid DNA—polymer complex of a positive charge
can electrostatically interact with the cell membrane for internalization. Among the
cationic polymers, it is known that the protonable amine residues of polyethylen-
imine could function as an endosomal buffering system which supptesses the action
of endosomal enzymes to protect the plasmid DNA from degradation, the so-called
buffering effect, resulting in the enhanced transfection efficiency [39].
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Gelatin has been extensively used for industrial, pharmaceutical and medical
applications. Its bio-safety has been proven through its long clinical usage as
surgical biomaterial and drug ingredient. Another unique advantage is the electrical
nature of gelatin which can be readily changed by the processing method of collagen
for preparation [40]. For example, an alkaline processing allows collagen to
structurally denature and hydrolyze the side chain of glutamine and asparagine
residue. This results in generation of ‘acidic’ gelatin with an isoelectric point
(IEP) of 5.0. On the other hand, an acidic processing of collagen produces ‘basic’
gelatin with an IEP of 9.0. We have prepared hydrogels by cross-linking gelatin
for the controlled release of growth factors. Growth factors with IEP higher than
7.0, such as basic fibroblast growth factor [41], bone morphogenetic protein-2
[42], transforming growth factor betal [43] and hepatocyte growth factor [44], are
immobilized into the biodegradable hydrogels of ‘acidic’ gelatin on the basis of
the electrostatic interaction force between the growth factor and gelatin molecules.
In this release system, the growth factor immobilized is not released from the
gelatin hydrogel, unless the hydrogel carrier i1s degraded to generate water-soluble
gelatin fragments. The growth factor release could be controlled only by changing
the hydrogel degradation [41]. Depending on the nature of growth factors to be
released, we can achieve their controlled release only if a biodegradable hydrogel is
prepared from gelatin or the derivative which can physicochemically interact with
the growth factor molecule. Another advantage of gelatin is to enable the chemical
introduction with ease. For example, the cationized gelatin of positive charge can
readily be prepared by introducing amine residues to the carboxyl groups of gelatin.
The plasmid DNA polyionically immobilized in the cationized gelatin hydrogel is
released from the hydrogel only if the hydrogel is degraded to generate the water-
soluble degraded gelatin fragments [45, 46].

This study has been undertaken to evaluate the feasibility of a PEG-introduced
cationized gelatin as a non-viral gene carrier. It is expected that PEG introduction
(PEGylation) improves the biological stability of plasmid DNA against enzymatic
attack, resulting in enhanced transfection efficiency in vivo.

MATERIALS AND METHODS
Materials

The gelatin sample with an IEP of 9.0 (MW = 10°), prepared by an acid process
of porcine skin, was kindly supplied by Nitta Gelatin (Osaka, Japan). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride salt (EDC), $-alanine and 2,4,6-
trinitrobenzensulfonic acid (TNBS) were purchased from Nacalai Tesque (Kyoto,
Japan). Ethylenediamine was obtained from Wako (Osaka, Japan). Succinimidy]
succinate-methoxy PEG (MW = 5000) was kindly provided by NOF (Tokyo,
Japan).



