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Abstract

Chitosan vector system is expected to be useful for direct gene therapy for joint disease. This study first sought to confirm that foreign
genes can be transferred to articular chondrocytes in primary culture. Next, chitosan-DNA nanoparticles containing IL-1Ra or IL-10
gene were injected directly into the knee joint cavities of osteoarthritis rabbits to clarify the in vivo transfer availability of the chitosan
vectors. Clear expression of IL-1Ra was detected in the knee joint synovial fluid of the chitosan IL-1Ra-injected group. While no expres-
sion was detected in the chitosan IL-10-injected group, this demonstrates that the transfection efficiency of chitosan—-DNA nanoparticles
was closely related to the type of the gene product. A significant reduction was also noted in the severity of histologic cartilage lesions in
the group that received the chitosan IL-1Ra injection. This avenue may therefore represent a promising future treatment for

osteoarthritis.
© 2006 Elsevier Inc. All rights reserved.
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Gene therapy is a powerful treatment for curing inborn
and acquired diseases. There are primarily two types of
gene carriers: viral and non-viral vectors, such as retrovi-
rus, adenovirus, etc., which have been utilized for approx-
imately 80% of approved phase I clinical trials due to their
ability to transfect [1]. However, they have limitations in vi-
vo such as wild-type reversion and immunogenicity [2].
Non-viral delivery systems for gene therapy have been
increasingly proposed as safer alternatives to viral vectors
[3,4]. They have the potential to be administered repeatedly
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with minimal host immune response, are targetable, stable
in storage, and easy to produce in large quantities. These
advantages have provided the impetus to continue their
development. Cationic phospholipids and cationic poly-
mers are the two major types of non-viral gene delivery vec-
tors currently investigated [5]. Because of their permanent
cationic charge, both types interact electrostatically with
negatively charged DNA and form complexes. Although
liposomes formed from cationic phospholipids offer several
advantages over viral gene transfer, e.g., low immunogenic-
ity and ease of preparation [6], the success of the liposomal
approach is limited. Toxicity of the cationic lipids and the
relatively low transfection efficiency compared to those of
viral gene delivery vectors [7] are the main disadvantages.

In recent years, the potential of chitosan as a polycation-
ic gene carrier has been explored in several research groups.
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Chitosan is a biodegradable polysaccharide [8] extracted
from crustacean shells. It has been shown to be non-toxic
in a range of toxicity tests, both in experimental animals
[9] and humans [10]. Its soft tissue compatibility has also
been demonstrated by Tomihata and Ikada [11]. Chitosan
has been shown to effectively bind DNA in saline or acetic
acid solution and partially protect DNA from nuclease
degradation [12,13]. Several transfection studies involving
chitosan derivatives have been reported in the last few
years. Chitosan polymers and chitosan—-DNA complexes
have been investigated for their ability to condense and
deliver plasmid DNA in Cos-1 cells, HeLa cells, Hep-G2
cells, and 293 human embryonal kidney cells, so on
[12,14,15]. Chitosan-DNA nanospheres were prepared by
self-induced complex coacervation method to yield parti-
cles in the size range of 200-750 nm these nanospheres
being efficient vectors in the Luciferase-293 cell system.
However, their transfection efficiency varied when tested
in different cell lines [7]. In vivo gene expression is observed
in the upper small intestine and colon of rabbits by direct
administration of these complexes including a pH-sensitive
endosomolytic peptide [12]. The chitosan-DNA nanoparti-
cles formed as a result of complex coacervation between
chitosan and DNA. The cationic characteristic of chitosan
is a crucial parameter for the complex formation. Zetasizer
measurement of these particles showed a fairly unimodal
distribution from 150 to 300 nm[16]. In another study, oral
application of chitosan nanoparticles bearing a plasmid
encoding for blood coagulation factor (FIX) resulted in
detectable FIX plasma levels, which gradually declined
over a time period of 14 days [5]. All these studies point
to the versatility and promise of chitosan as a gene carrier,
although only limited in vivo efficacy has been
demonstrated.

Due to the complex pathology of osteoarthritis (OA),
gene transfer strategies have become of major interest for
interfering with key processes of disease. Specifically,
gene therapy has been associated with a highly specific
targeting of disease-relevant mechanisms and thus with
treating the causes of OA rather than the symptoms.
In recent years, several strategies have been developed
to modulate OA using gene transfer. Among them, gene
transfer with the interleukin-1 receptor antagonist (IL-
1Ra) has been of particular importance. This is based
on several data suggesting that interleukin-1 beta (IL-
1B) plays a pivotal role both in early and late stages of
OA, and is produced by synoviocytes and chondrocytes
[17]. Previous studies demonstrated that the local produc-
tion of the IL-1Ra significantly reduces the OA cartilage
breakdown [18]. Another cytokine of particular interest
as a therapeutic agent for OA is interleukin-10 (IL-10).
IL-10 is a 35-kDa homodimeric cytokine product of
Th2 cells, B cells, and macrophages. Primarily, IL-10
can act as an anti-inflammatory by inhibiting synthesis
of macrophage-derived pro-inflammatory cytokines, such
as TNF-a, IL-1a, IL-1pB, IL-6, and IL-8 [19-22]. IL-10 is
elevated in the serum of OA patients [23].

Here, we first sought to confirm whether foreign genes
can be transferred to articular chondrocytes in primary cul-
ture by chitosan—-EGFP nanoparticles. Then, we injected
chitosan—-DNA nanoparticles containing IL-1Ra gene or
IL-10 gene into the OA rabbit knee joints and examined:
(1) the site of the transgene expression and the efficiency
of gene transduction and (2) the efficiency of in vivo gene
therapy through the direct delivery of chitosan-DNA
nanoparticles in a rabbit model of OA, as a new therapeu-
tic approach to control the progression of the disease.

Materials and methods

Plasmid constructs and cell culture. During this study, three plasmids
were used. pPEGFP-C; (4.7 kb) was an enhanced green fluorescence protein
(EGFP) gene construct with a cytomegalovirus (CMV) promoter
(Clontech). Another plasmid PcDNA3.1-IL-1Ra was a 6.1 kb cDNA
encoding human IL-1Ra driven by a CMV promoter inserted into an
Invitrogen PcDNA3.1 vector, while PcDNA3.1-IL-10 encoding the
human IL-10 with a size of 6.5 kb driven by the CMV promoter inserted
into an Invitrogen PcDNA3.1 vector. These plasmids were amplified and
purified by the differential precipitation method [24].

Chondrocytes were isolated from the articular cartilage of the knees of
two young adult New Zealand rabbits, as previously described [25]. The
chondrocytes used in this study were maintained as monolayer cultures for
no more than two passages, to maintain the differentiated chondrocyte
phenotype.

Primary synoviocytes were obtained by enzymatic dispersal of synovia
from the knee joints of euthanized, young adult New Zealand white
rabbits as previously described [26].

Preparation of chitosan—-DNA nanoparticles. Chitosan (minimum 85%
deacetylated) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
A solution of 0.02% chitosan was prepared by dissolving the chitosan in
25mM of sodium acetate buffer. The pH of the chitosan solution was
adjusted to 5.7 with sodium hydroxide and sterile-filtered through a
0.22-pm filter.

A chitosan solution (0.02% in 25 mM sodium acetate buffer, pH 5.7)
and a DNA solution of 100 pg/ml in 50 mM of sodium sulfate solution
were preheated to 55 °C separately. An equal volume of both solutions
was quickly mixed together and vortexed (2500 rpm) for 30 s. The final
volume of the mixture in each preparation was limited to below 500 pl in
order to yield uniform nanoparticles. The nanoparticles were used for
transfection study without further purification.

In vitro transfection of chondrocytes and synoviocytes with chitosan—
DNA nanoparticles. Cells were seeded 24 h prior to transfection into a
12-well plate at a density of 8 x10* cells/well in 1 ml of complete medium
(MEM containing 10% FBS, supplemented with 2 mM L-glutamate, 50 U/
ml penicillin, and 50 pg/ml streptomycin). At the time of transfection, the
medium in each well was replaced with 1 ml of serum-free media. The
amount of chitosan-DNA nanoparticles (chitosan-EGFP) equivalent to
2-4 ng DNA of pEGFP-C; was added to each well and incubated with the
cells for 8 h after further incubation for 24 h by adding 1 ml of fresh
complete medium, the medium in each well was replaced with fresh
complete medium. In control experiments, cells received the same amount
of DNA (in sodium sulfate buffer). All transfection experiments were
performed in triplicate. After 48- to 72-h incubation, cells were directly
viewed under a fluorescence microscope (Olympus America, Melville,
NY).

Introduction of plasmid DNA into OA rabbit knee joints. Fifteen white
New Zealand rabbits weighing 2.5-3 kg each were used in this study. Each
rabbit had undergone operations on both knees. The operation model was
excision of the medial collateral ligament plus medial meniscectomy [27].
After each treatment, animals were allowed to move freely in their cages.

The rabbits were then divided into three experimental groups. Rabbits in
Group 1 (n = 3) received three consecutive intra-articular injections at 48-h
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intervals of chitosan-DNA nanoparticles (0.4 ml) containing PcDNA3.1,
which does not have the expression unit (placebo). Rabbits in Group 2
(n = 6), the right knee received three injections at 48-h intervals of 0.4 ml
chitosan-DNA nanoparticles containing 20 pg of PcDNA3.1-IL-1Ra
plasmid (chitosan-IL-1Ra), the left knee received an injection of the same
volume of sodium sulfate buffer containing 20 pg of PcDNA3.1-IL-1Ra
plasmid (control). Rabbits in Group 3 (n = 6), the right knee received three
injections at 48-h intervals of 0.4 ml chitosan-DNA nanoparticles con-
taining 20 pg of PcDNA3.1-IL-10 (chitosan-I1L-10), the left knee received an
injection of the same volume of sodium sulfate buffer containing 20 pg of
PcDNA3.1-IL-10 plasmid (control). All injections were given beginning 5
days postsurgery.

Enzyme-linked immunosorbent assay (ELISA). Seven days after the
first injection, both knees of each rabbit were lavaged with saline, at 14
days post first injection, the rabbits were sacrificed, the knees lavaged,
dissected, and analyzed for effects of transgene expression. Levels of
human IL-1Ra and human IL-10 expression in recovered lavage fluids
were measured using a cytokine ELISA kit (human IL-1Ra kit, R&D
Systems, USA; human IL-10 kit, Diaclone, France) according to the
manufacturer’s instructions. The assay used in this study did not recognize
the rabbit IL-1Ra and rabbit IL-10.

Immunohistochemical analysis. Slides of synovial membrane were pre-
incubated with 0.3% hydrogen peroxide and blocking solution. The first
antibodies were mouse monoclonal antibodies against human IL-1Ra
(specificity for human origin, Human Disease Genomics Research Center,
Peking University, Beijing) or human IL-10 (specificity for human origin,
Santa Cruz Biotechnology, USA), The second antibody was biotinylated
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anti-mouse immunoglobulin. After several washes with phosphate-buf-
fered saline (pH 7.4), the slides were incubated with peroxidase-labeled
streptavidin solution. The color was revealed by aminoethylcarbazole and
counterstaining with hematoxylin.

Histological examination. Histologic evaluation was performed on
sagittal sections of cartilage from the lesion areas on medial femoral
condyle. After dissection, specimens were fixed in 10% buffered formalin
and embedded in paraffin. Serial sections (5 pm) were prepared and
stained with hematoxylin and eosin (H&E) and toluidine blue.

Statistical analysis. All values, expressed as means + SE, were sub-
jected to ¢ test and one-way ANOVA employing the computer SPSS 10.0
statistic package.

Results

Expression of delivered EGFP in the cultured articular
chondrocytes and synoviocytes

Fig. 1 shows the results of the expression of EGFP of
the chitosan-EGFP transfected chondrocytes. Chitosan—
EGFP transfected chondrocytes expressed EGFP clearly.
According to the increase in DNA from 1 to 5 pg, the per-
centage of cells transfected also clearly increased. While
DNA transfected (control) chondrocytes did not show
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Fig. 1. The expression of EGFP of chitosan-EGFP transfected chondrocytes. (A) Phase contrast microscopic images of chitosan-EGFP transfected
chondrocytes: light microscopy imaging (a-1) and fluorescence microscopy imaging (a-2) (200x magnification). (B) Percentage of EGFP-positive cells at

different concentrations of DNA.
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any expression at all. The results of the expression of
EGFP of the chitosan—-EGFP transfected synoviocytes
showed that this vector is poorly efficient in transfecting
articular synoviocytes (data not shown).

Expression of delivered genes in the synovial fluid

A detectable level of human IL-1Ra was found in the
rabbit knees treated with the chitosan-IL-1Ra nanoparti-
cles (Fig. 2). Human IL-10 was not detectable in the rabbit
knees treated with the chitosan-IL-10 nanoparticles.

Immunohistochemistry

Immunohistochemistry demonstrated human IL-Ra
could not be detected in the specimens of control or place-
bo rabbit knees. Positive staining was noted in the knees
injected with chitosan-IL-1Ra nanoparticles, in these spec-
imens, a small group of chondrocytes in a few areas of the
superficial and middle zones were found to stain positive
for human IL-1Ra (Fig. 3). The immunohistochemistry
of synovial membrane specimens of the rabbit knees given
chitosan-IL-1Ra nanoparticle injection was negative for
human IL-1Ra.

Histological findings of articular cartilage
Specimens from the placebo and control rabbit knees

showed a similar degree of morphologic characteristic
change of early OA. Transverse clefts occurred which
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Fig. 2. In vivo expression of human IL-1Ra after direct chitosan-IL-1Ra
nanoparticles, delivery to rabbit knees with OA. Five days after induction
of OA, a group of three rabbits received three consecutive intra-articular
injections at 48-h intervals of chitosan-DNA nanoparticles (0.4 ml)
containing PcDNA3.1 in both knees (placebo), a group of six rabbits
was injected in the right knee with 0.4 ml chitosan-IL-1Ra nanoparticles
and in the left knee with the same volume of sodium sulfate buffer
containing PcDNA3.1-IL-1Ra plasmid (control). At days 7 and 14 after
first injection, the knees were lavaged and the recovered fluids were
analyzed by ELISA for levels of human IL-1Ra. Values shown represent
means + SE.

resulted in loss of articular cartilage mass, several chon-
drocytes in one lacuna forming a cluster in the superficial
and intermediate layers. H&E staining showed chondro-
cyte death (Fig. 4A), and toluidine blue staining for pro-
teoglycan was distributed unevenly, the areas in the
superficial and intermediate layers mostly destained and
only the areas around cell clusters still darkly stained
(Fig. 4B).

Treatment of joints with chitosan-IL-1Ra nanoparticles
had less severe lesions compared with the control. Surface
irregularities developed which appeared to link up with dis-
arrangement of chondrocytes (Fig. 4C). Toluidine blue
staining showed partially destaining (Fig. 4D).

Discussion

The articular surface is the primary site of cartilage
degeneration in a joint disease such as osteoarthritis. Cur-
rently available therapies assist with pain and control
inflammation but do little to regain this surface. This
may be because (1) there are no blood vessels in the artic-
ular cartilage, (2) the self-repair capability of the cartilage
tissues is low because highly differentiated chondrocytes
are surrounded with rich extracellular matrix, or (3) it is
difficult to maintain the effective dose of medicines that
are locally injected into the joint cavity. Gene therapy
might prove applicable to osteoarthritic disease, offering
the potential for greater and more prolonged clinical effica-
cy [28]. Recently, there have been several clinical trials of
gene therapy for this intractable disease. With in vivo
methods, vector or virus suspensions are directly injected
into the OA joints. These studies include both viral and
non-viral constructs [29-33]. Viral vectors are very effective
in terms of transfection efficiency, but they have limitations
in vivo including wide-type reversion and immunogenicity
[2]. Non-viral delivery systems include cationic lipids and
cationic polymers. Cationic lipids provide effective synthet-
ic transfection systems, but their use in vivo is limited by
general toxicity, complement activation, and liver, and lung
tropism [13].

Since the studies with poly (L-lysine) in the late 1980s,
many cationic polymers have been explored as non-viral
vectors. Chitosan was first described as a delivery system
for plasmids by Mumper et al. [34]. Chitosan is a biode-
gradable polysaccharide composed of two subunits, D-glu-
cosamine and N-acetyl-D-glucosamine, linked together by
B(1,4) glycosidic bonds. It is derived from the second most
universally abundant biopolymer, chitin. Many chitosans
of different molecular weights and degrees of deacetylation
are commercially available. A number of properties of
chitosan render it a potentially useful system for the deliv-
ery of plasmid. The general consensus is that chitosan is
non-toxic and biocompatible [35,10], chitosan has been
shown to bind mammalian and microbial cells (by interact-
ing with surface glycoproteins), and some studies have indi-
cated that chitosan may actually be endocytosed into the
cell [12]. In our study, the in vitro transfection ability of



206 X. Zhang et al. | Biochemical and Biophysical Research Communications 341 (2006) 202-208

Fig. 3. Immunohistochemical detection of human IL-1Ra. (A) Positive staining was noted in cartilage of OA rabbit injected with chitosan-IL-1Ra
nanoparticles. AEC was used as chromogen, red in color represents positive staining (arrows). Human IL-1Ra could not be detected in the specimens of
placebo (B) and control (C) rabbit knees. 200x. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this paper.)

chitosan-DNA nanoparticles was first evaluated in articu-
lar chondrocytes and synoviocytes using the pEGFP-Cs
plasmid. The result confirmed that higher gene expression
levels were found in articular chondrocytes, compared with
that in synoviocytes. There were several indications that
the transfection efficiency of chitosan-DNA complexes
was cell-type dependent [14].

So far, the results for in vivo gene transfer into OA
articular cartilage have been obtained ([29, adenovirus];
[33, lipid]). In this study, we applied an in vivo method
using chitosan vector because it is simple and has no report
on the delivered gene in the joint cavity by it. The present
study shows that the IL-1Ra gene can be transduced
directly in vivo using a non-viral chitosan technology and
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Fig. 4. Representative sections of articular cartilage from the femoral condyle were stained with H&E (left panels) and with toluidine blue (right panels) of
(A,B) rabbit knee received an intraarticular injection of sodium sulfate buffer containing PcDNA3.1-IL-1Ra plasmid (control), (C,D) rabbit knee received

an intraarticular injection of chitosan-IL-1Ra nanoparticles. 100x.

incorporated into the chondrocytes to produce the IL-1Ra
protein. Immunohistochemistry demonstrated human IL-
Ra could be detected in the rabbit knees injected with
chitosan-IL-1Ra nanoparticles. In these specimens, a small
group of chondrocytes in a few areas of the superficial and
middle zones were found to stain positive for human IL-
1Ra. However, the immunohistochemistry of synovial
membrane specimens of the rabbit knees given chitosan-
IL-1Ra injection was negative for human IL-1Ra. This
could be explained by in vitro experiments in cell culture,
which have demonstrated that the transfection of the pEG-
FP-C; gene in synovial cells using chitosan—-DNA nanopar-
ticles was less efficient than in chondrocytes. In this study,
human IL-10 was not detectable in lavaged fluid recovered
from rabbit knees treated with the chitosan-IL-10 nanopar-
ticles. Perhaps, the level of production of IL-10 is too little
to be detected, It is worth noting that this pattern of gene
expression is also closely related to the type of the gene
product.

This study demonstrates that, using a direct in vivo tech-
nology for gene transfer, it is possible to ensure a detectable
level of expression of the IL-1Ra with persistence of the
plasmid for at least 2 weeks following the chitosan-IL-
1Ra nanoparticle injections. These results are most encour-
aging and further studies are needed to explore the length
of time for gene expression to last. Direct transfection of
the IL-1Ra gene and its in vivo expression were also found
to effectively reduce the progression of cartilage lesions
and the severity of histologic lesions was reduced. The

pathophysiology of OA lesions, both in the model and in
the natural disease, has been shown to be induced by pro-
teolytic enzymes, the synthesis of which is up-regulated by
pro-inflammatory cytokines such as IL-1 [36-38]. There-
fore, the actual findings with regard to cartilage lesions
are most likely explained by the inhibitory action of
increased local production of IL-1Ra on IL-1 action.

In summary, this study demonstrates that the use of
chitosan—-DNA plasmid represents a promising method
for the direct transfer of therapeutic gene(s) in vivo.
Though there were several indications that the level of
transfection of chitosan-DNA complexes is lower than
that observed with complexes made from commercially
available carriers [39]. This technology still presents several
obvious advantages for in vivo use, including biocompati-
ble (non-toxic and non-immunogenic, and preferably bio-
degradable); able to complex DNA to form small
particles which can be formulated reproducibly; able to
protect the complexed DNA from degradation. Based on
the results of this study, the use of the chitosan-IL-1Ra
nanoparticles could reduce cartilage degradation and
retard the progression of structural changes in OA. It
seems to hold interesting future prospects for the treatment
of OA.
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