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ABSTRACT

Sodium alginate is a naturally
occurring polysaccharide that can
easily be polymerized into a solid
matrix to form microspheres. These
biodegradable microspheres were
used to encapsulate plasmid DNA
containing the bacterial B-galactosi-
dase (LacZ) gene under the control
of either the cytomegalovirus
(CMV) immediate-early promoter
or the Rous sarcoma virus (RSV)
early promoter. Mice inoculated
orally with microspheres containing
plasmid DNA expressed LacZ in the
intestine, spleen and liver. Inocula-
tion of mice with microspheres con-
taining both the plasmid DNA and
bovine adenovirus type 3 (BAd3)
resulted in a significant increase in
LacZ expression compared to those
inoculated with microspheres con-
taining only the plasmid DNA. Our
results suggest that adenoviruses
are capable of augumenting trans-
gene expression by plasmid DNA
both in vitro and in vivo.

RESUME

L'alginate de sodium est un
polysaccharide naturel qui peut
etre facilement polymerise en une
matrice solide pour former des
microspheres biodegradable. Des
microspheres furent utilisees pour
encapsuler de l'ADN plasmidique
porteur du gene de la B-galactosi-
dase bacterienne (LacZ) sous con-
trole du promoteur du cytome-
galovirus (CMV) ou du virus du
sarcome de Rous (VSR). Le gene

LacZ fut exprime dans l'intestin, la
rate et le foie de souris inoculees
par voie orale avec des microspheres
contenant de l'ADN plasmidique.
L'inoculation de souris avec des
microspheres contenant l'ADN
plasmidique et l'adenovirus bovin
de type 3 causa une augmentation
significative du niveau d'expression
du LacZ comparativement au
niveau exprime chez des souris
inoculees uniquement avec l'ADN
plasmidique. Les resultats obtenus
suggerent que les adenovirus peu-
vent faire augmenter l'expression
de transgene par l'ADN plasmi-
dique autant in vitro que in vivo.

(Traduitpar le docteur Serge Messier)

INTRODUCTION

Immunization with plasmid DNA
encoding for the protein of interest
has introduced a new concept in the
area of vaccine development and gene
therapy (1-4). In addition to injection
of naked DNA into muscles (5,6), a
number of delivery systems such as
bombardment with gold microparti-
cles coated with DNA (7-9), incorpo-
ration of DNA into liposomes and
other polycationic lipids (10-12), bio-
logical erodable polymers (13), and
others, have been evaluated for their
transfection efficiency in cultured
cells and animals. A number of het-
erologous regulatory sequences have
been tested to determine their role in
enhancing foreign gene expression in
experimental animals inoculated with
plasmid DNA. The cellular uptake of
the naked DNA when injected into a
muscle is significantly less, and fol-

lowing endocytosis a large portion of
the DNA is degraded after fusion of
endosomes (carrying the DNA) with
lysosomes (14,15).

Following binding to specific cell-
surface receptors (16,17), adenovirus
is internalized by receptor-mediated
*endocytosis within a clathrin-coated
vesicle. The endosomal membrane
fuses with adenoviral capsid, trig-
gered by exposure of hydrophobic
residues of the adenoviral capsid pro-
teins, due to a change in the endoso-
mal pH (18). This process results in
disruption of endosomes before they
are fused with lysosomes. Conjuga-
tion of naked DNA with adenovirus
using transferrin or polylysine results
in internalization of these conjugates
by receptor-mediated endocytosis and
disruption of endosomes (19,20). It
prevents lysis of DNA by lysosomal
enzymes and thus provides higher lev-
els of foreign gene expression.

Purified protein and viruses can be
encapsulated in alginate microspheres
(21,22). Oral immunization of mice,
rabbits, and cattle with microspheres
containing antigenic proteins elicited
both humoral (mucosal and systemic)
and cell-mediated immune responses.
Since alginate microspheres are easy
to prepare in large quantities and puri-
fied protein or live virus particles can
be encapsulated, we wanted to deter-
mine whether this technology could
be used for encapsulating plasmid
DNA.

This paper describes the encapsula-
tion of plasmid DNA into alginate
microspheres as a vehicle for gene
delivery. The use of bovine adeno-
virus type 3 (BAd3) to enhance the
level of foreign gene expression
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in vivo by encapsulating the plasmid
DNA mixed with BAd3 is also
discussed.

MATERIALS AND METHODS

CELL CULTURE AND VIRUS

MDBK, PK-15, and 3T3 cells of
bovine, porcine and murine origin,
respectively, were obtained from
American Type Culture Collection
(ATCC), and grown as monolayer
cultures using Eagle's minimum
essential medium (MEM, Life Tech-
nologies Inc.) supplemented with 10%
fetalClone III (HyClone Laboratories
Inc.) and 50 ,g/mL gentamicin.
BAd3, obtained from ATCC, was
grown in MDBK cells and purified by
cesium chloride density-gradient cen-
trifugation (23). The titer of the puri-
fied virus preparation was determined
by plaque assay on MDBK cells.

PLASMIDS

Plasmids pTK21CMVgalSV40
(provided by Dr. Guo, Department of
Veterinary Pathobiology, Purdue Uni-
versity, West Lafayette, Indiana) and
pREP9gal (24) contain the bacterial
B-galactosidase (LacZ) gene under the
control of the cytomegalovirus
(CMV) immediate-early promoter and
the Rous sarcoma virus (RSV) early
promoter, respectively. The LacZ
gene in both of these plasmid was
under the control of the simian virus
40 (SV40) polyadenylation signal.
Plasmid DNA was purified by isopyc-
nic centrifugation in cesium chloride-
ethidium bromide gradients (25).

TRANSFECTION OF CELLS

One day before transfection, semi-
confluent monolayers of PK- 15 and
3T3 cells were harvested with trypsin,
counted, and 1 to 2 X 105 cells were
added into each well of 6-well plates
and incubated at 37°C in 5% CO2. The
cell monolayers were washed twice
with OPTI-MEM I (Life Technologies
Inc.). Plasmid DNA (1 or 5 ,ug) was
mixed with 5 jig of Lipofectin (Life
Technologies Inc.) and incubated at
room temperature following the man-
ufacturer's protocol. The DNA-lipo-
some mixture was added dropwise to
the cell monolayers, covered with
OPTI-MEM I, and incubated for
30 min at 370C. At this time point,
a set of monolayers transfected

with either pTK21CMVgalSV40 or
pREP9gal were infected with BAd3 at
a multiplicity of infection (m.o.i.) of
500 plaque forming units (pfu) per
cell. At 24 h post-transfection, the
medium was replaced with MEM con-
taining 5% fetalClone III. The cells
were harvested by scraping at 48 and
72 h post-transfection and the cell
pellet was assayed for LacZ activity.

MICROENCAPSULATION OF PLASMID
DNA AND BAD3

The protocol for preparing alginate
microspheres was modified from a
previously described procedure (21).
To obtain a total of 10 mL of suspension
of microspheres for each preparation,
phosphate-buffered saline, (PBS)
pH 7.2, 5 X 109 pfu purified prepara-
tion of BAd3, 1.5 mg pTK21CMV-
galSV40, 1.5 mg pREPgal, 1.5 mg
pTK21CMVgal SV40 + 5 X 109 pfu
BAd3 or 1.5 mg pREPgal + 5 X 109
pfu BAd3 were mixed with sodium
alginate solution and emulsified with
oil to form microspheres which were
stabilized by calcium chloride and
zinc chloride. Thus, 1 mL suspension
of microspheres may contain a maxi-
mum of either 5 x 108 pfu BAd3,
150 jig plasmid DNA, or 5 X 108 pfu
BAd3 and 150 jig plasmid DNA. The
majority of microspheres were within
5-10 jim in diameter as measured by
Microtrak Particle Analyzer. All
washings generated during the pro-
cess of microencapsulation were col-
lected and divided into 2 portions.
One portion was extracted with phe-
nol and chloroform, DNA was precip-
itated with ethanol and resuspended in
a minimum volume of TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0).
Uncut DNA was run on an agarose gel
by electrophoresis, stained with ethid-
ium bromide and visualized under UV
light. The second portion of all wash-
ings was centrifuged at 27 000 rpm
for 2 h at 4°C in Beckman TiS0.1
rotor. The pellets were resuspended in
minimum volumes of PBS and titrated
for infectious virus particles by
plaque assay on MDBK cells.

ANIMAL INOCULATION

A total of eighteen 6- to 8-week-old
BALB/c mice were randomly grouped
into 6 groups (3 animals per group)
and were inoculated orally using a
gavage needle and a syringe at Day 1,
Day 2 and Day 3 with 1 mL suspen-

sion of alginate microspheres contain-
ing either PBS, BAd3, pTK21CMV-
galSV40, pREP9gal, pTK21CMV-
galSV40 + BAd3, or pREP9gal +
BAd3. Animals were sacrificed at
Day 5 by an overdose of sodium bar-
biturate and the small intestine,
spleen, and liver were collected and
divided into 2 portions. One portion
of various tissues was weighed and
used to assay for LacZ activity. The
other portion was embedded in Tis-
sue-Tek OTC compound (Miles Sci-
entific, Inc.) and stored at -70°C
until use. This portion was used for
immunohistochemical and histochem-
ical analyses.

B-GALACTOSIDASE ASSAY

The protocol to measure LacZ
activity was adapted from a previ-
ously described procedure (25). The
cell pellets were resuspended in the
cell extraction buffer (250 mM Tris-
HCl (pH 7.8), 0.5% NP40, 1 mM
phenylmethylsulfonylfluoride (PMSF)),
vortexed, and the supernatants were
saved for LacZ assay. The mouse tis-
sues were homogenized in the cell
extraction buffer using a tissumizer
and the supernatants were used to
assay for LacZ activity. A 40-jiL
sample of various dilutions of cell or
tissue extracts was mixed with
350 ,iL of the sodium phosphate solu-
tion (100 mM sodium phosphate
(pH 7.5), 10 mM KCI, 1 mM MgSO4,
and 50 mM 2-mercaptoethanol). After
incubation at 37°C for 5 min, 132 ,iL
of the ONGP solution (0.4% o-nitro-
phenol B-D-galactopyranoside (ONGP)
in 100 mM sodium phosphate, pH 7.5)
was added and the incubation was
continued for 1 h. The enzyme reac-
tion was stopped with 172 I,L of 1 M
Na2CO3 and the intensity of the yel-
low color that developed was mea-
sured spectrophotometrically at 420
nm. Various dilutions of purified bac-
terial LacZ (Sigma Chemical Co., Inc.)
were used as a standard for LacZ assay.

HISTOCHEMICAL STAINING

Frozen tissues sections were pre-
pared using a cryomicrotome (Leica
CM1800), were fixed with acetone
and stored at -70°C. The histochemi-
cal assay to detect LacZ activity
in situ was modified from a previ-
ously described protocol (26). Briefly,
sections were cut from frozen tissues
and fixed with 0.5% glutaraldehyde in
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Figure 1. Expression of LacZ in cells initially transfected with plasmid DNA carrying the
LacZ gene and subsequently infected with BAd3. PK-15, and 3T3 cells were transfected with
either pTK21CMVgalSV40 or pREP9gal and subsequently infected with BAd3 at a m.o.i. of
500 pfu/cell. At 48 and 72 h post-transfection the cells were harvested, cell extracts were pre-
pared and used to assay for LacZ activity. Mock and virus-infected cell extracts were used as
negative controls. Purified bacterial LacZ was used as a standard. Each bar represents
the mean of 2 independent samples. A) PK-15 cells transfected with pTK21CMVgalSV40,
B) PK-15 cells transfected with pREP9gal, and C) 3T3 cells transfected with pTK21CMV-
galSV40; 1 + 5, 1 ,ug DNA and 5 ,ug liposomes; 5 + 5, 5 ,ug DNA and 5 ,ug liposomes; 1 + 5 +
V, 1 ,g DNA + 5 ,ug liposomes + BAd3; 5 + 5 + V, 5 ,ug DNA + 5 ,ug liposomes + BAd3.

PBS. After rinsing twice with PBS
containing 1 mM MgCl2, sections
were overlayed with the X-gal solu-
tion (1 mg/mL 5-bromo-4-chloro-3-
indolyl-B-D-galactoside (X-gal),
5.0 mM K3Fe(CN)6, 5.0 mM K4Fe-
(CN)6, and 1.0 mM MgCl2 in PBS)
and incubated overnight at room tem-
perature. The slides were washed with
PBS and counterstained with eosin.
The blue deposits indicated LacZ
activity.

RESULTS

B-GALACTOSIDASE EXPRESSION IN
CELLS TRANSFECTED WITH PLASMID
DNA AND BAD3

We tested the effciency of 2 het-
erologous promoters, the cytomegalo-
virus (CMV) immediate-early pro-
moter and the Rous sarcoma virus
(RSV) early promoter, to drive tran-
sient expression of the LacZ gene
when cells initially transfected with
plasmid DNA are subsequently
infected with BAd3. Since BAd3 does
not replicate in either PK-15 cells or
3T3 cells (data not shown), virus
infection of these cells will not cause
cell lysis. Expression of LacZ in PK-
15 cells transfected with pTK21CMV-
galSV40 or pREPgal and subse-

quently infected with BAd3 was
approximately 1.7 to 6.4- or 0.7 to
2.3-fold higher, respectively, com-
pared to transfected cells without
virus infection (Fig. IA; 1B). Simi-
larly, expression of LacZ in 3T3 cells
transfected with pTK21CMVgalSV40
and subsequently infected with BAd3
was approximately 4.3 to 8.6-fold
higher compared to transfected cells
without virus infection (Fig. IC). We
did not get detectable levels of LacZ
expression with pREPgal in 3T3 cells
under the conditions used for
pTK21CMVgalSV40. The maximum
level of LacZ expression with pREP-
gal + BAd3 even in PK-15 cells was
approximately half compared to that
of pTK21CMVgalSV40 + BAd3.
Expression of LacZ in 3T3 cells with
pTK21CMVgalSV40 + BAd3 was
approximately half of that obtained in
PK-15 cells. The choice of both pro-
moter and cell line seems to be
responsible for the levels of reporter
gene expression in a transient expres-
sion assay. Expression of LacZ with a
plasmid carrying the LacZ gene under
the control of the mouse cyto-
megalovirus (MCMV) immediate-
early promoter was approximately
3 times higher than that with the
human CMV promoter (unpublished
results). We did not find reporter gene
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Figure 2. Expression of LacZ in tissues of
mice inoculated with microspheres contain-
ing plasmid DNA and BAd3. The 6- to
8-week-old BALB/c mice were inoculated
orally at Day 1, Day 2 and Day 3 with algi-
nate microspheres containing either PBS,
BAd3, pTK21CMVgalSV40, pREP9gal,
pTK21CMVgalSV40 + BAd3, or pREP9gal
+ BAd3. At Day 5 post-inoculation, the small
intestine, spleen and liver were collected and
used to assay for LacZ activity. Purified bac-
trial LacZ was used as a standard. Each bar
represents the mean value from 3 mice. pTK-
21, pTK21CMVgalSV40; pREP, pREP9gal;
pTK-21+V, pTK21CMVgalSV40 + BAd3;
pREP+V, pREP9gal + BAd3.

expression proportionate to the
amount of plasmid DNA used. This
was mainly due to limiting amounts of
liposomes when higher amounts of
plasmid DNA were used, since by
increasing quantities of liposomes
with increasing amounts of DNA, the
levels of foreign gene expression
were proportionate to the amount of
DNA used (data not shown). How-
ever, this does not have a significant
effect on the interpretation of our
results.
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MICROENCAPSULATION OF PLASMID
DNA AND BAD3

In order to determine whether algi-
nate microspheres could be used for
encapsulating plasmid DNA for gene
delivery and effect of BAd3 on level
of foreign gene expression by plasmid
DNA in vivo, we generated micro-
spheres containing either plasmid
DNA, virus or both. None of the
washings showed DNA in detectable
amounts (data not shown) indicating
that the efficiency of microencapsula-
tion of plasmid DNA was high. Infec-
tious virus titers from various wash-
ings were insignificant (data not
shown). Since the process of microen-
capsulation did not involve any treat-
ment that obviously could decrease
virus infectivity, we assumed that the
microencapsulation of BAd3 was also
efficient.

EXPRESSION OF B-GALACTOSIDASE IN
TISSUES OF MICE INOCULATED WITH
MICROSPHERES

Mice were orally inoculated with
microspheres containing either plas-
mid DNA, virus or both and the intes-
tine, spleen and liver were collected
and analyzed for LacZ expression. In
mice inoculated with microspheres
containing only pTK21CMVgalSV40,
reporter gene expression was
observed in intestine, whereas in mice
receiving microspheres containing
pTK21CMVgalSV40 and BAd3,
LacZ expression was observed in
intestine, spleen and liver (Fig. 2). In
mice inoculated with microspheres
containing either pREPgal or pREP-
gal + BAd3, LacZ expression was
observed in intestine, spleen and liver
(Fig. 2). Expression of reporter gene
was comparatively less in liver with
either plasmid. In mice inoculated
with plasmid DNA and virus, expres-
sion of LacZ in intestine, spleen and
liver was approximately 2-fold higher
than the expression obtained with the
plasmid DNA only.
The intestine, spleen and liver sec-

tions from mice inoculated with
microspheres containing plasmid
DNA and BAd3 were analyzed for
LacZ expression by cytochemical
staining. The reporter gene expression
was evident from blue color develop-
ment in some cells in all 3 tissues
tested (Fig. 3 D, E, F). None of the
control tissues had color development
above background (Fig. 3 A, B, C).

Figure 3. Histochemical analysis for LacZ in tissues of mice inoculated with microspheres
containing plasmid DNA and BAd3. The 6- to 8-week-old BALB/c mice were inoculated orally
at Day 1, Day 2 and Day 3 with alginate microspheres containing either BAd3 or
pTK21CMVgalSV40 + BAd3. At Day 5 post-inoculation, the small intestine, spleen and liver
were collected and embedded in OTC compound. Frozen sections were analyzed for LacZ
expression using X-gal. A) liver, B) intestine, and C) spleen sections from the animal inocu-
lated with BAd3. D) liver, E) intestine, and F) spleen sections from the animal inoculated with
pTK21CMVgalSV40 + BAd3.

Similarly, the intestine, spleen and
liver sections from mice inoculated
with microspheres containing plasmid
DNA and virus were analyzed for
expression of LacZ by immunohisto-
chemical staining using a monoclonal
antibody against LacZ. The reporter
gene expression was evident from
brown color deposits in some cells in
all 3 tissues tested (data not shown).
As expected, control tissues did not
develop color above background.
Since cytochemical and immunohisto-
chemical examinations were not
quantitative, mouse tissues were not
analyzed from all groups.

DISCUSSION

The efficiency of naked DNA entry
into cells and its survival in the cyto-
plasm before it reaches the nucleus
are 2 important factors that directly
affect levels of transgene expression
in addition to the choice of heterolo-
gous regulatory sequences. Receptor-
mediated endocytosis could enhance
the efficiency of plasmid DNA entry
into cells (19,20). Various mecha-
nisms that protect DNA from degra-
dation within the cytoplasm will
ensure transport of the maximum

amount of DNA into the nucleus for
transcription. In order to extend the
range of delivery systems for the
naked DNA, we encapsulated the
plasmid DNA into alginate micro-
spheres. Our results have 2 important
findings: i) oral inoculation of mice
with alginate microspheres containing
plasmid DNA led to transgene expres-
sion in the intestine, spleen and liver,
and ii) microspheres containing both
the naked DNA and BAd3 caused
enhanced reporter gene expression
in vivo compared to that of micro-
spheres containing only plasmid DNA.

Since adenovirus can efficiently
enter a number of both replicating and
quiescent cells, it may be used as a
mediator for macromolecular trans-
port into cells. Exposure of cultured
cells to human adenovirus and
unmodified plasmid DNA led to coin-
ternalization of the plasmid DNA and
the virus by receptor-mediated endo-
cytosis (27). This resulted in augmen-
tation of the transgene gene expres-
sion compared to the cells exposed
with the plasmid DNA alone. Since
BAd3 does not replicate in cultured
cells of murine or porcine origin, it
was necessary to determine whether
BAd3 entry into these cells will take
place, resulting in enhancement in
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gene expression of the naked DNA.
There was an increase in LacZ expres-
sion with BAd3 in cells transfected
with either pTK21CMVgalSV40 or
pREPgal.
We did not attempt to determine the

exact mechanism involved in the pro-
cess of BAd3-mediated augmentation
of transgene expression by the naked
DNA, but it is probably due to inhibi-
tion of DNA lysis by lysosomes. LacZ
expression with the RSV promoter
was undetectable in 3T3 cells but in
mouse tissues it was better than that
obtained with the CMV promoter.
Therefore, it appears that there could
be significant differences between
in vitro and in vivo gene expression
levels with the same gene construct.
For many applications the use of only
plasmid DNA encasulated into algi-
nate microspheres may be sufficient,
however, plasmid DNA could be
mixed with an adenovirus if a higher
level of transgene gene expression is
required. Currently experiments are in
progress to determine whether encap-
sulation of adenovirus with plasmid
DNA affect levels and type of immune
response elicited against the transgene
product. This novel gene delivery sys-
tem has potential for immunization
and gene therapy applications.
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