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Abstract

Background Interleukin-4 (IL-4) plays a crucial role as an inflammatory
mediator in allergic asthma via inducing Th2 inflammation and IgE
synthesis. To develop an effective therapeutic agent which specifically inhibits
production of IL-4, antisense oligodeoxynucleotides (AS-ODNs) against
murine IL-4 mRNA were generated and complexed with polyethylenimine
(PEI) to improve intracellular delivery.

Methods AS-ODNs were generated against the translation initiation region
of murine IL-4 mRNA, and complexed with linear PEI. In vitro efficacy of
AS-ODNs/PEI complexes was tested by measuring IL-4 production in the
D10.G4.1 cell line, and cytotoxicity was tested by XTT assay. Physicochemical
properties of polyplexes were examined using atomic force microscopy (AFM)
and DNase I protection assay. In vivo effects of IL-4 AS-ODNs/PEI complexes
were tested in a murine model of airway inflammation. IL-4 concentrations
in the bronchoalveolar lavage (BAL) fluid and circulating IgE levels were
measured by ELISA, and histological analysis of lung tissues was performed.

Results IL-4 AS-ODNs/PEI complexes were spheres with an average
diameter of 98 nm and resistant to DNase I-mediated degradation. IL-4
AS-ODNs/PEI complexes showed up to 35% inhibition of IL-4 production in
D10.G4.1 cells without causing any toxicity, while naked ODNs gave less than
1% reduction. Furthermore, IL-4 AS-ODNs/PEI complexes were effective in
suppressing secretion of IL-4 (up to 30% reduction) in the BAL fluid in an
ovalbumin-sensitized murine model of airway inflammation. Circulating IgE
levels were decreased, and airway inflammation was alleviated by treatment
with IL-4 AS-ODNs polyplexes.

Conclusions These data demonstrate that complexation of IL-4 AS-ODNs
with PEI provides a potential therapeutic tool in controlling inflammation
associated with allergic asthma, and further presents an opportunity to the
development of clinical therapy based on combination of multiple AS-ODNs
of cytokines and/or signaling effectors involved in Th2 inflammation and
eosinophilia. Copyright  2005 John Wiley & Sons, Ltd.
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Introduction

Allergic asthma is shown to be triggered by allergen-induced activation of T
helper 2 (Th2) cells and subsequent activation of mast cells producing IgE
[1]. One of the key players in the activation of mast cells is interleukin-4
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(IL-4) produced mainly by Th2 cells. IL-4 can promote the
differentiation and proliferation of Th2 cells and facilitates
antibody class switching of B cells to IgE [2]. IL-4 has also
been shown to promote eosinophilic inflammation by
increasing eotaxin expression and inhibiting apoptosis
of eosinophils [3,4]. Therefore, efficient blockade of
secretion and/or subsequent signaling of IL-4 would
diminish the degree of airway inflammation and
hypersensitivity in patients with allergic asthma.

In line with this idea, intranasal administration of
soluble IL-4 receptor, which prevents binding of IL-4
to its receptors, reduced pulmonary inflammation that
occurred in the murine allergen-challenged asthma model
[5]. Likewise, IL-4 receptor blockade using its specific
antibodies resulted in a significant decrease of airway
responses induced by antigen challenge in mice [6].
Recent advances in delivery of oligodeoxynucleotides
into cells provide promising tools to modulate the
expression of cellular proteins [7]. Indeed, several
antisense-oligodeoxynucleotides (AS-ODNs) have been
proven effective in vitro and currently are being tested
in the clinical trials in patients with cancer, AIDS, as well
as hepatitis C [8]. Similarly, AS-ODNs generated against
IL-4 have been shown to be effective in vitro [9] and in
rat models of late airway responses [10].

However, despite its effectiveness, the use of AS-ODNs
generated against IL-4 in allergic asthma is still in pre-
clinical stages. As with other ODNs, efficiency of IL-4 AS-
ODNs in vivo is determined by combination of biological
stability, successful uptake into the target cells, resistance
to nucleases, and so forth [8,11]. To satisfy these
conditions, various approaches have been developed.
Modification of phosphodiester bonds in the AS-ODNs to
increase stability [12] and incorporation of AS-ODNs into
viral or non-viral vectors to increase targeting and cellular
uptake [8,13] are among those. Viral vectors have high
transfection efficiency but are toxic and immunogenic.
Non-viral vectors are relatively safe and over time two
main non-viral vehicles have been consolidated as more
promising vectors: lipoplexes [14,15], which are nucleic
acid/cationic lipid complexes, and polyplexes, which are
complexes of nucleic acids and cationic polymers, mainly
P(LA-GA) copolymer [16] and polyethylenimine (PEI)
[17]. Accumulating data have revealed PEI as one of the
most effective DNA-delivery systems both in cell cultures
and in vivo due to its polycationic property and proton
sponge mechanism [17–21]. However, the use of PEI in
humans has been limited due to its toxicity. Moreover,
when administered systemically, a high amount of PEI
activates the compliment system and thus is prone to
rapid degradation [22].

Therefore, this study was designed to achieve the
optimal concentration of PEI to be complexed with IL-
4 AS-ODNs displaying maximum efficacy with minimum
toxicity. Stable polyplexes were made without generating
any significant cytotoxicity. IL-4 AS-ODNs/PEI complexes
were capable of inhibiting IL-4 secretion not only in vitro
but also in vivo in the ovalbumin-sensitized murine model
of airway inflammation when administered intranasally.

In addition, IgE level and airway inflammation were
decreased by IL-4 AS-ODNs. Thus, IL-4 AS-ODNs
polyplexes can function as therapeutic agents to down-
regulate production of IL-4 in a murine model of allergic
asthma.

Material and methods

Reagents

IL-1 alpha was purchased from R&D Systems (Minneapo-
lis, MN, USA). Conalbumin (ConA) and ovalbumin (OVA)
were purchased from Sigma (St. Louis, MO, USA), and
alum was purchased from Pierce (Rockford, IL, USA). Rat
T-STIM factor, recombinant mouse IL-4, purified rat anti-
mouse IL-4 mAbs, and biotinylated rat anti-mouse IL-4
mAbs were purchased from Becton Dickinson (Bedford,
MA, USA). Linear polyethylenimine (PEI) was purchased
from Euromedex (Souffelweiersheim, France).

Cell line and animals

The IL-4-secreting D10.G4.1 murine Th2 cell line was
a kind gift from Dr. E. J. Park (Institute of Molecular
Biology and Genetics, Seoul, South Korea). Cells were
maintained in RPMI medium supplemented with 0.05 mM
2-mercaptoethanol, 10 pg/ml IL-1alpha, 10% fetal bovine
serum (FBS), and 10% rat T-STIM factor. Female BALB/c
mice (6–8 week of age) were housed in the specific
pathogen-free animal facility of Seoul National University
(Seoul, South Korea). All animal experiments were
conducted in accordance with the Korean National Board
for Laboratory Animals.

Preparation of murine IL-4 AS-ODNs/
PEI complexes

IL-4 antisense oligodeoxynucleotides (AS-ODNs) were
generated against the translation initiation region of
murine IL-4 mRNA (+4 to +25). Phosphorothioates
were added to the three nucleotides of each end to
increase the resistance to nucleases. The sequence cor-
responds to 5′-CAACTAGCTGGGGGTTGAGACC-3′. Non-
sense oligodeoxynucleotides (NS-ODNs), 5′-GGTCTCAC-
CTCCCAACTGCTTC-3′, which possess the same number
of GC contents, were used as a negative control.

To prepare IL-4 AS-ODNs/PEI complexes, designed IL-
4 AS-ODNs and linear PEI of 22 kDa were diluted in
150 mM NaCl solution (in vitro), 5% glucose solution
(in vivo), or 10 mM Tris-HCl buffer (for DNase I protection
assay). A volume of PEI solution (50 µl for in vitro,
25 µl for DNA retardation assay, and 20 µl for in vivo)
was slowly added to an equal volume of IL-4 AS-ODNs
solution, and then mixed thoroughly. The mixtures were
incubated at room temperature for 20 min prior to being
used in the experiment. Polyplexes at various NP (N,

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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moles of N atoms in PEI; P, moles of phosphate groups in
ODNs) ratios were generated. NP ratio = 10 corresponds
to a 1 : 1.25 ODN/PEI w/w ratio [23].

DNA retardation assay and
fluorescence decay assay

The complexation of IL-4 AS-ODNs with PEI was
determined by agarose gel retardation assay. The IL-
4 AS-ODNs (10 µg) and increasing amounts of PEI were
mixed in 25 µl of 150 mM NaCl and incubated for 20 min.
Aliquots of the samples (20 µl) were resolved onto a 0.6%
agarose gel and visualized with a UV transilluminator.
Initially, when various doses of ODNs were tested, ODNs
above 4 µg were found to be optimal to be detected in
the gel. Thus, we set the concentration of ODNs at 4 µg
in the experiment.

A fluorescence decay assay was performed to confirm
the complexation and condensation of the polyplex. In
this case, FITC-labeled IL-4 AS-ODNs (2 µg) at different
NP ratios were prepared in 150 mM NaCl solution. To
perform this, IL-4 AS-ODNs were labeled with FITC
prior to complexation with PEI. The samples were
loaded in a 96-well microplate, and green fluorescence
was measured (Ex = 485 nm, Em = 535 nm) using a
microplate fluorimeter.

In vitro transfection experiment

The IL-4-producing D10.G4.1 cell line was seeded onto
24-well plates at 1 × 105 cells/well, and stimulated with
ConA (500 ng/well) for 2 days. First, the optimal dose
of IL-4 AS-ODNs was selected. Various concentrations
of IL-4 AS-ODNs (0, 0.5, 1, 2 or 4 µg) complexed with
PEI at a fixed NP ratio of 10 were added to D10.G4.1
cells. After 48 h, cells were harvested and supernatants
were analyzed for the presence of IL-4 using a sandwich
enzyme-linked immunosorbent assay (ELISA) kit (Becton
Dickinson, Bedford, MA, USA).

Then, the optimal NP ratio of the IL-4 AS-ODNs/PEI
complex was determined. As a result of selecting the
optimal dose of IL-4 AS-ODNs, 2 µg of IL-4 AS (or NS)-
ODNs were complexed with various amounts of PEI.
Polyplexes at NP ratios of 0, 1, 2, 5, 10, and 20 were added
onto D10.G4.1 cells. After 48 h, cells were harvested
and supernatants were analyzed using sandwich ELISA
(n = 3).

XTT incorporation assay

Cytotoxicity of IL-4 AS-ODNs polyplexes was deter-
mined using the XTT assay as described previously
[24]. D10.G4.1 cells were plated onto a 96-well
plate at 1 × 104 cells/100 µl. A volume of 10 µl of
the polyplexes at NP ratios of 0, 1, 2, 5, 10 and
20 was added and incubated at 37 ◦C for 2 days.
Then, 50 µl of XTT reaction mixture prepared with

sodium 3′-[1-[(phenylamino)carbonyl]-3,4-tetrazolium]-
bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate
(XTT) and activation reagents containing PMS (N-
methylphenazonium methosulfate) was added to each
well and their emission was measured at 450 nm (n = 5).

DNase I protection assay

The IL-4 AS-ODNs (3 µg) and increasing amounts of PEI
were mixed for 20 min in 50 µl of 10 mM Tris-HCl buffer.
Then, 10 units of DNase I were added and the mixtures
were incubated at 37 ◦C for the indicated time (0, 5,
15, 30, and 45 min). Immediately following incubation,
EDTA (0.5 M, 10 µl) was added and the samples were
placed on ice to stop DNase activity. Heparin (50 µl,
1250 units) was added and incubated at 4 ◦C for 1 h
to complete the dissociation of polyplexes. Subsequently,
ODNs were extracted by phenol and subjected to agarose
gel electrophoresis as described above.

Atomic force microscopy

The morphological features of the polyplex were studied
by atomic force microscopy (AFM). As a dilution buffer,
10 mM NaCl was used for AFM measurement to prevent
salt crystal formation. The polyplex (5 µl) at NP ratio
of 10 was deposited onto freshly cleaved mica for 5 min.
Then, the sample solution was removed by gently swirling,
and a volume of 20 µl of double distilled water (DDW)
was spotted onto the mica for 10 s. DDW was removed
by gentle swirling and mica was air-dried for 30 min.
Images were acquired using scanning probe microscopy
(AutoProbe CP, PSIA, USA). To determine the mean
complex size, the diameters of 50 complexes were
measured.

Induction of airway inflammation and
treatment

Mice were sensitized and rechallenged with OVA as
described previously [25]. Briefly, mice received an
intraperitoneal injection of 0.2 ml (100 µg) of OVA
complexed with alum on days 0 and 14. On day
14, 100 µg OVA in 0.04 ml phosphate-buffered saline
(PBS) was administered intranasally and subsequently,
on days 25, 26 and 27, 50 µg OVA in 0.04 ml PBS
mice was administered intranasally. Where intranasal
administration was performed, mice were anesthetized
with 0.2 ml 2.5% Avertine (1 g/ml of tribromoethylene
alcohol in tert-amyl alcohol) in PBS. The negative control
animals received PBS intraperitoneally on days 0 and
14, then 0.04 ml of PBS intranasally on days 14, 25, 26
and 27.

To select the optimal dose of IL-4 AS-ODNs, mice
received 50 µl of 30, 50, or 70 µg of IL-4 AS-ODNs
complexed with a fixed amount of PEI (NP ratio of 5)
through intranasal administration at days 25, 26, and 27

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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(n = 3). IL-4 AS-ODNs/PEI complexes at NP ratios of 0,
5 and 10 were tested to determine the in vivo optimal
NP ratio (n = 3). After that, negative control, positive
control, IL-4 AS-ODNs/PEI complex, IL-4 NS-ODNs/PEI
complex, and IL-4 AS-ODN groups were tested (n = 7).
Control animals received 50 µl of PBS.

Bronchoalveolar lavage

Twenty-four hours after the last intranasal challenge, mice
were anesthetized with 2.5% Avertine and blood samples
were obtained using heart puncture. After tying off the left
lung at the mainstem bronchus, bronchoalveolar lavage
(BAL) of the right lung was performed. The right lung
was lavaged three times with 0.4 ml of PBS, and total
BAL fluid was collected. The number of cells present
in BAL fluid was counted using a hemocytometer after
Trypan Blue staining (n = 7). BAL fluid and blood samples
were centrifuged at 4 ◦C for 5 min at 1200 rpm, and the
supernatant was stored at −70 ◦C until analysis by ELISA
for IL-4 and IgE protein.

Lung histology

After BAL extraction, the left lung of each group was
collected. Lung tissues were fixed in 4% paraformalde-
hyde at 4 ◦C for 24 h, and immersed in 30% sucrose
solution at 4 ◦C for 48 h. After embedding in optimal cut-
ting temperature (OCT) compound, the tissues were cut
into 6 or 10 µm sections. Sections were stained with
hematoxylin/eosin (H&E) and analyzed using a light
microscopy.

Statistical analysis

All experiments were performed at least three times. The
statistical significance of the results was evaluated by
Student’s t-test.

Results

Generation of the stable polyplexes
using PEI

To determine the optimal ratio of PEI required for for-
mation of stable complexes with IL-4 AS-ODNs, various
concentrations of PEI were mixed with a fixed concen-
tration of IL-4 AS-ODNs. Stable incorporation of IL-4 AS-
ODNs into PEI was initially tested via gel retardation assay
(Figure 1a). The formation of positive complexes with PEI
would prevent migration of IL-4 AS-ODNs into the agarose
gel and therefore they would be captured on top of the gel.
In addition, even for those few that did migrate into the
gel, the binding of IL-4 AS-ODNs to EtBr would be steri-
cally hindered by surrounding PEI. As shown in Figure 1a,
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Figure 1. Generation of stable IL-4 AS-ODNs/PEI complexes.
(a) Agarose gel electrophoresis was performed using IL-4
AS-ODNs/PEI complexes generated at NP ratios as indicated in
the figure. NP ratio 0 indicates no complex formation with PEI.
Complexation with PEI results in retardation and disappearance
of a band representing ODNs in a NP ratio-dependent manner.
(b) Fluorescence decay assay was used to check the level of
complexation of IL-4 AS-ODNs with PEI. IL-4 AS-ODNs were
labeled with FITC and incorporated into PEI at the NP ratios
indicated in the figure. Green fluorescence emitted from each
condition was measured (Ex = 485 nm, Em = 535 nm). F/F0 was
determined by dividing fluorescence of ODNs in polyplexes
by fluorescence of free FITC-labeled ODNs. The results are
expressed as mean values ± standard deviation (s.d.) (n = 3)

migration of polyplexes was significantly retarded at the
NP ratios higher than 0.8 and stopped at the NP ratios
higher than 2.8. These data suggest that stable complexa-
tion and condensation of IL-4 AS-ODNs into PEI could be
achieved at the NP ratios above 2.8.

To further confirm the successful incorporation of IL-
4 AS-ODNs into PEI, a fluorescence decay assay was
performed (Figure 1b). Similar to the gel retardation
assay, stable incorporation of IL-4 AS-ODNs into PEI
would result in hindrance of fluorescence emission
by the fluorochrome-labeled IL-4 AS-ODNs. As shown
in Figure 1b, at the NP ratios higher than 2, green
fluorescence emitted from FITC-labeled IL-4 AS-ODNs
was significantly reduced. These data demonstrate that
stable complexation of IL-4 AS-ODNs with PEI could be
obtained at the NP ratios higher than 2.

In vitro effect of IL-4 AS-ODNs/PEI
complexes in suppressing IL-4
secretion

We next examined the ability of IL-4 AS-ODNs/PEI
complexes in inhibiting IL-4 production in vitro. For this,
we obtained a D10.G4.1 cell line which could produce
IL-4 upon stimulation with ConA, and tested the effect of

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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polyplexes by directly measuring IL-4 concentration in the
culture supernatant by ELISA (Figure 2). To determine
the optimal dose of IL-4 AS-ODNs, various amounts of
ODNs (0, 0.5, 1, 2 or 4 µg) were complexed with a fixed
concentration (NP ratio of 10) of PEI (Figure 2a). Cells
treated with IL-4 AS-ODNs/PEI complexes underwent
dose-dependent inhibition of IL-4 production (up to 35%
inhibition achieved with 2 µg of IL-4 AS-ODNs polyplex).
However, no further inhibition was observed above 2 µg
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Figure 2. In vitro effect of polyplexes in reducing IL-4 secretion.
The IL-4-secreting D10.G4.1 cells were seeded onto a 24-well
plate at 1 × 105 cells/well, and stimulated with 500 ng/ml of
ConA for 2 days. To select the optimal dose of IL-4 AS-ODNs,
various amounts of ODNs (0, 1, 2, and 4 µg) complexed
with PEI at NP ratio of 10 were incubated in D10.G4.1 cells.
The concentration of IL-4 of the supernatant was measured
using a sandwich ELISA kit (a). Polyplexes at NP ratios of 0,
1, 2, 5, 10, and 20 were incubated at 37 ◦C for 48 h. IL-4
secretion was measured using sandwich ELISA (closed circles)
(b). The open circles represent the concentration of IL-4 in the
absence of any treatment. The results are expressed as mean
values ± s.d. (n = 3). ∗p < 0.05

of ODNs. Thus, we chose 2 µg of IL-4 AS-ODNs to be
complexed with PEI. Next, we determined the optimal
PEI concentration to be complexed with IL-4 AS-ODNs. As
shown in Figure 2b, PEI complexation with IL-4 AS-ODNs
resulted in reduction of IL-4 secretion. In the absence
of any treatment, the concentration of IL-4 secreted into
the medium was approximately 4300 pg/mL. Addition
of naked IL-4 AS-ODNs resulted in only slight inhibition
of IL-4 secretion (less than 1% reduction). However,
IL-4 AS-ODNs complexed with PEI showed significantly
higher reduction of IL-4 secretion at all tested NP ratios
(Figure 2b). Maximal inhibition was achieved at the NP
ratio of 10 and no further inhibition was observed at NP
ratios above 10. IL-4 concentration of cells treated with
polyplexes at the NP ratio of 10 was reduced to 35% of
total IL-4 secretion. When the degree of inhibition was
compared with naked ODNs, PEI polyplexes showed 33-
fold higher inhibition. In contrast, nonsense ODNs did not
result in any significant reduction in IL-4 secretion (data
not shown). Together, these data suggest that only IL-4
AS-ODN/PEI complexes effectively enter into the cell and
prevent normal process of translation into IL-4 proteins.

Cytotoxicity of the polyplexes

Since a high concentration of PEI was shown to cause
toxicity in vivo, we determined if the inhibition of IL-4
secretion observed in Figure 2 might have been attributed
to cell death resulting from PEI. To this end, we added
XTT reagents to the cells at the end of incubation
with polyplexes. Dehydrogenases present in living cells
cleave XTT, thus yielding soluble formazan product whose
absorbance can be detected at 450 nm. As shown in
Figure 3, at all NP ratios lower than 10, there was
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Figure 3. Cytotoxicity of IL-4 AS-ODNs/PEI complexes. D10.G4.1
cells were seeded onto a 96-well plate, and polyplexes at NP
ratios of 0, 1, 2, 5, 10 and 20 were added. After incubation
for 48 h, XTT reaction mixture (50 µl) was added to each well
and the absorbance was measured at 450 nm. The results are
expressed as mean values ± s.d. (n = 5)
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no significant change in absorbance of XTT. However,
polyplexes at NP ratios above 10 were found to decrease
viability. At the NP ratio of 20, PEI induces death in
up to 80% of cells. Taken together, these data strongly
demonstrate that polyplexes generated at the NP ratio
of 10 were optimal in the delivery of IL-4 AS-ODNs/PEI
complexes to suppress IL-4 secretion without causing any
toxicity in D10.G4.1 cells.

Polyplexes are resistant to degradation
mediated by DNase I

Degradation of oligodeoxynucleotides by DNases or
RNases is one of the serious problems in achieving
maximum efficiency. It has been shown previously that the
complex formation with PEI can confer protection against
endo- or exonucleases [17,26]. Thus, we examined
whether polyplexes generated above were resistant to
enzymatic degradation. For this, we incubated polyplexes
with DNase I for 15 min and ODNs were dissociated
from PEI using heparin prior to gel analysis. As shown
in Figure 4a, incubation of naked IL-4 AS-ODNs with
DNase I resulted in near complete degradation of ODNs
(lane 3). However, complexation with PEI markedly
increased resistance to DNase I (lanes 5, 7, 9, and 11),
and, in particular, ODNs at the NP ratios higher than
5 were completely protected from degradation (lanes
8–11). Interestingly, IL-4 AS-ODNs dissociated from PEI
migrated more slowly than naked ODNs, suggesting that
PEI complexation might have affected the coiled status of
ODNs. Alternatively, residual PEI mixed with ODNs could
have hindered migration and condensation of ODNs. To

Figure 4. Protection of the polyplexes against DNase I-mediated
degradation. (a) IL-4 AS-ODNs/PEI complexes at NP ratios of 0,
1, 2, 5 and 10 were prepared, and incubated with DNase I for
15 min. Enzymatic reaction was stopped with EDTA and ODNs
were subsequently dissociated from PEI polyplexes as described
in Materials and Methods. IL-4 AS-ODNs extracted were
subjected to agarose gel electrophoresis. (b) Time-dependent
sensitivity to DNase I was monitored using polyplexes generated
at the NP ratio of 10. After incubation with DNase I for 0, 5, 15,
30, and 45 min, the protective effect of the polyplexes (NP = 10)
was compared with that of naked IL-4 AS-ODNs (NP = 0)

discover whether the resistance of ODNs to DNase I can
be maintained for longer period of time, we incubated
polyplexes with DNase I for up to 45 min. As shown in
Figure 4b, naked IL-4 AS-ODNs were digested even 5 min
after addition of DNase I (lane 3), whereas PEI-complexed
ODNs were protected up to 45 min of incubation (lanes
7–11).

To visually demonstrate the formation of IL-4 AS-
ODNs/PEI complexes, the morphology and size of the
polyplexes generated at the NP ratio of 10 were measured
using atomic force microscopy (AFM). As shown in
Figure 5, polyplexes are distributed homogeneously in
solution (Figure 5a) and show spherical shape with
an average diameter of 98 nm (n = 50, Figure 5b). In
contrast, PEI alone without ODNs did not form any
measurable polyplexes (Figure 5c). Together, these data
indicate that IL-4 AS-ODNs complexed with PEI can be

Figure 5. Characterization of polyplexes via atomic force
microscopy (AFM). A volume of 5 µl of the IL-4 AS-ODNs/PEI
complex generated at the NP ratio of 10 was deposited onto
freshly cleaved mica. After washing and air-drying, AFM images
were acquired using scanning probe microscopy in tapping
mode. The polyplex at NP ratio of 10 was visualized at
5 µm × 5 µm (a), and 0.5 µm × 0.5 µm (b). Image of PEI alone
without ODNs was acquired at 5 µm × 5 µm (c)

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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efficiently protected from enzymatic digestion via forming
spherical polyplexes, and further contribute to the efficient
blockade of IL-4 secretion as shown in Figure 2.

Intranasal administration of IL-4
AS-ODNs polyplexes suppresses the
production of IL-4 in a murine model
of airway inflammation

We set out to investigate the efficacy of the IL-4 AS-
ODNs polyplexes in vivo. To evoke airway inflammation,
female BALB/c mice were sensitized with OVA peptide
as described previously [25]. After sensitization, PBS, IL-
4 AS-ODNs/PEI complex, IL-4 NS-ODNs/PEI complex, or
IL-4 AS-ODNs was co-administered intranasally with OVA
at days 25, 26 and 27, then IL-4 secreted to BAL fluid was
measured by ELISA at day 28.

First, for the optimization of the treatment, various
amounts of IL-4 AS-ODNs and various NP ratios of PEI
were tested. IL-4 AS-ODNs polyplexes showed dose- and
NP ratio-dependent inhibition of IL-4 production (data
not shown). However, large amounts of IL-4 AS-ODNs or
PEI caused significant in vivo toxicity. A previous study
had also shown that positively charged polyplexes at
the NP ratio of 10 caused acute toxicity, though neutral
complexes at the NP ratio of 5 did not [21]. The polyplex
at the NP ratio of 10 was most effective in inhibiting the
production of IL-4 in the murine Th2 cell line, but toxicity
is more critical factor for the in vivo trial. Thus, 50 µg
of IL-4 AS-ODNs and the NP ratio of 5 were selected
for the in vivo experiment. As shown in Figure 6, the IL-
4 level recorded from the BAL fluid of sensitized mice
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Figure 6. Reduction of IL-4 levels in BALB/c mice sensitized
to OVA treated with IL-4 AS-ODNs/PEI complexes. BALB/c
mice were sensitized and rechallenged with OVA as described
in the Materials and Methods section [25]. Mice received
50 µg of naked IL-4 AS-ODNs, IL-4 AS-ODNs/PEI complex, or
NS-ODNs/PEI complex through intranasal administration at days
25, 26, and 27. On day 28, bronchoalveolar lavage (BAL) fluid
of the right lung was collected after tying off the left lung at the
mainstem bronchus, and the concentration of IL-4 in the BAL
fluid was measured by ELISA. The value of R2 in the standard
curve was above 0.99, and the results are expressed as mean
values ± s.d. (= 7). ∗p < 0.05

was significantly inhibited (up to 30%) only when the
IL-4 AS-ODNs/PEI complex was used. Neither naked IL-4
AS-ODNs nor polyplexes made with nonsense (NS)-ODNs
were able to reduce secretion of IL-4 in BAL fluid. These
data suggest that IL-4 AS-ODNs/PEI complexes can be
applied to allergic asthma to alleviate the inflammation
caused by excessive generation of IL-4.

IL-4 AS-ODN polyplexes alleviate
allergen-induced airway inflammation

We next determined if administration of IL-4 AS-
ODNs/PEI complexes to OVA-sensitized mice can reduce
OVA-induced airway inflammation. To this end, blood
samples from each group of mice were obtained on day
28 at the same time that BAL fluid was collected, and
circulating levels of total IgE were measured by ELISA. As
shown in the top panel of Figure 7, mice treated with IL-
4 AS-ODNs/PEI complexes show significant reduction of
total IgE levels. These results suggest that IL-4 AS-ODNs
polyplexes can block IL-4-mediated IgE production. In
addition, total cell numbers present in the BAL fluid were
also decreased significantly following treatment with IL-
4 AS-ODNs/PEI complexes, but not with NS-ODNs/PEI
complexes (Figure 7, bottom panel). Thus, it is likely that
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Figure 7. Reduction of IgE levels after treatment with IL-4
AS-ODNs polyplexes and total cell numbers in the BAL fluid.
Twenty-four hours after the last intranasal challenge, mice
were anesthetized and blood samples were obtained using heart
puncture. Blood samples were centrifuged at 4 ◦C for 5 min at
1200 rpm, and IgE level in the supernatant was measured using
ELISA. The results are expressed as mean values ± s.d. (n = 7).
∗p < 0.05. The number of cells present in BAL fluid was counted
after Trypan Blue staining. The results are expressed as mean
values ± s.d. (n = 7)

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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Generation of Polyplexes for Targeted Gene Transfer 321

Figure 8. Effects of IL-4 AS-ODNs/PEI complexes on histological
analysis of airway inflammation. After BAL extraction, the left
lung was obtained from negative control mice (a), positive
control mice (b), mice treated with the IL-4 AS-ODNs/PEI
complex (c), and mice treated with the IL-4 NS-ODNs/PEI
complex (d). Lung tissues were fixed in 4% paraformaldehyde
at 4 ◦C for 24 h, and immersed in 30% sucrose solution at 4 ◦C
for 48 h. After embedding in OCT compound, the tissues were
cut into 6 or 10 µm sections. Sections were stained with H&E
and analyzed using light microscopy. Bars: 100 µm

IL-4 AS-ODNs polyplexes can inhibit cellular infiltration
surrounding airways and pulmonary blood vessels.

To further confirm the effect of IL-4 AS-ODNs/PEI
complexes on airway inflammation, the histology of left
lung tissues was assessed following treatment with IL-4
AS-ODNs/PEI complexes. As seen in Figure 8, airways
became narrow with the recruitment of numerous inflam-
matory cells in the positive control group (Figure 8b).
Following treatment with IL-4 AS-ODNs/PEI complexes,
the number of infiltrated inflammatory cells in the air-
way was significantly decreased and airways became
rehabilitated (Figure 8c). In contrast, mice that received
IL-4 NS-ODNs/PEI complexes did not show any significant
effects (Figure 8d). Taken together, these results strongly
suggest that treatment with IL-4 AS-ODNs polyplexes can
alleviate allergen-induced airway inflammation in vivo.

Discussion

Allergic asthma is a complex inflammatory disease of
the airways, characterized by infiltration of inflammatory
cells and goblet cell hyperplasia and metaplasia with
increased mucin production. The cytokines IL-4, IL-5, IL-
9, and IL-13, produced systemically by allergen-reactive
Th2 cells and locally by inflammatory cells recruited
into the airways, are responsible for many features of
allergic asthma [1]. In particular, the critical role of
IL-4 in the process of airway inflammation has led to
the development of a therapy to block its function.
For example, anti-IL4 receptor mAbs were shown to be
effective in suppressing antigen-induced IgE synthesis
in murine models of inflammation [6]. Soluble IL-4
receptors, now in phase II clinical trials, have been
proven to be effective in decreasing inflammation in atopic
asthma patients [27].

Antisense oligodeoxynucleotides (AS-ODNs) have been
used to specifically inhibit production of target proteins
at the level of translation. AS-ODNs function through
base pairing and formation of hydrogen bonds with their
corresponding complimentary strand of mRNA. Once
bound, AS-ODNs inhibit translation by blocking access
of ribosomes to the mRNA or by destabilizing mRNA and
making it more susceptible to ribonucleases [8]. However,
due to the instability and poor cellular targeting of ODNs,
large amounts of ODNs were required to obtain visible
levels of suppression [28–30]. Thus, the present study
was aimed at constructing a targeted nonviral vector
based on the PEI backbone for the improved delivery of
IL-4 AS-ODNs. At the dose we used in the current study,
naked IL-4 AS-ODNs had hardly any effect in inhibiting IL-
4 secretion. This might have been due to the poor cellular
uptake and high sensitivity to nucleases of the naked AS-
ODNs (Figure 4). It is also possible that those few naked
ODNs, if any, that entered into the cells could have paired
with IL-4 mRNA and reduced the levels of mRNA in the
cell. However, it has been shown that down-regulation at
the protein level could only be observed when more than
50% of particular mRNA was down-regulated [31]. Thus,
the degree of inhibition exhibited by naked ODNs must
have been far less than 50% of mRNA down-regulation.
Conferring from these data, the PEI formulation used in
our study greatly improved the efficiency of AS-ODNs in
inhibiting IL-4 production in the murine Th2 cell line and
the in vivo model of airway inflammation.

PEI exists as two types: a branched or linear form.
The size of PEI varies from 2 to 800 kDa. It has been
shown that the linear form of PEI is less toxic and has
higher transfection efficiency than branched PEI [32,33].
In addition, the smaller size PEI was found to be less
toxic as compared to the larger size PEI [34,35]. We also
found that linear and smaller PEI was more effective than
branched PEI in both transfection and cell viability assay
(data not shown), thus linear PEI of lower molecular
weight (22 kDa) was chosen for this study. As a result,
polyplexes generated in this study did not show any

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2006; 8: 314–323.
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significant toxicity, and the effect of IL-4 AS-ODNs in
inhibiting IL-4 production was maximized.

By varying the amount of PEI to be complexed with IL-4
AS-ODNs, we found that in vitro optimal delivery and its
suppressive effect in producing IL-4 could be obtained
at the NP ratio of 10 (Figure 2b). In addition, at this
ratio, the significant in vitro toxicity associated with PEI
did not develop (Figure 3). However, IL-4 AS-ODNs/PEI
complexes the NP ratio of 10 caused slight toxicity in
a murine model of allergic asthma (data not shown). A
previous study had also shown that positively charged
polyplexes at NP ratios of 10 caused acute toxicity,
though neutral complexes the NP ratio of 5 did not
[21]. Thus, the NP ratio of 5 was more appropriate
for the in vivo experiments although the NP ratio of 10
was most effective in vitro. It was found that intranasal
administration of the IL-4 AS-ODNs/PEI complex to OVA-
challenged mice resulted in significant reduction of IL-4
concentration in the BAL fluid (Figure 6). Moreover,
serum IgE levels and infiltration of inflammatory cells into
the airway (Figure 7) were reduced by treatment with IL-
4 AS-ODNs polyplexes. Histological study of lung tissues
also showed that airway inflammation was alleviated in
the mice treated with the IL-4 AS-ODNs/PEI complexes
(Figure 8). The in vivo effects of the IL-4 AS-ODNs/PEI
complexes appeared to be mediated by increased cellular
uptake and increased stability of IL-4 AS-ODNs within the
cell, as shown in the in vitro study (Figure 4). In addition,
the ability of PEI polyplexes to escape from the endosome
upon entry into the cell might also have contributed to
increased cytosolic concentration of IL-4 AS-ODNs, which
resulted in efficient blockade of IL-4 translation [17].

It is clear from our data that PEI complexation of IL-4
AS-ODNs significantly increases the ability of AS-ODNs
to block translation. While naked IL-4 AS-ODNs showed
minimal inhibition (less than 1%), polyplexes containing
the same concentration of IL-4 AS-ODNs showed up to
35% decrease in IL-4 secretion. However, with our current
regimen of polyplex treatment, complete inhibition of IL-4
secretion was not achieved. Multiple factors might have
contributed to this. First, IL-4 AS-ODNs generated against
the translation initiation region (+4 to +25) of IL-4
mRNA might not have resulted in complete hybridization.
Second, although the resistance to DNase I was achieved
by PEI complexation, other destructive enzymes in the
cells might have been accessible to polyplexes and reduce
the intracellular level of naked IL-4 AS-ODNs. Third,
turnover of the IL-4 protein might be much slower than
de novo synthesis of IL-4 proteins from its mRNA, so that
the residual level of IL-4 proteins might have come from
those already generated and secreted into the medium.
These possibilities might have contributed to the partial
inhibition of IL-4 secretion.

Taken together, our studies suggest that the PEI-based
AS-ODNs therapy provides a valuable tool in regulating
the expression of IL-4 in the treatment of established
asthma and in limiting the progression of chronic inflam-
matory responses in airway remodeling. Furthermore,

our data provide a possibility that application of PEI poly-
plexes can be more broadly applied to other diseases
where local delivery can be successfully made.
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