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Abstract

Efficient gene delivery to specific tissues, such as
inflammatory and cancerous tissues, is currently a
major concern in disease treatment. The human
transferrin receptor (hTR) has been detected in the
synovium and fibroblast-like synoviocytes (FLS),
which raises the possibility that expression of hTR is
associated with the pathogenesis of rheumatoid
arthritis (RA). To investigate whether the hTR is a
useful target for gene transduction into the FLS of
RA patients, recombinant adenoviruses with wild-
type fiber (AdLac) and transferrin peptide-tagged
fiber (Tf-AdLac) were used. The hTR expression level
in FLS was notably increased by basic fibroblast
growth factor (bFGF). Gene transduction to FLS was
significantly higher by the hTR-targeted adenovirus
than by the AdLac adenovirus, and treatment of the
FLS with bFGF resulted in increased gene transduc-
tion by Tf-AdLac. Taken together, these data sup-
port Tf-AdLac as a new strategy for gene transduc-
tion in the treatment of RA patients.

Keywords: Fibroblast-like synoviocyte, Rheumatoid
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The human transferrin receptor (hTR) is a type II
cell surface receptor that binds to transferrin (Tf),
with subsequent internalization of the complex throu-
gh clathrin-coated pits. The hTR is expressed ubiqui-
tously and is overexpressed at least 100-fold in can-
cerous tissues of the mouth, liver, pancreas, and pro-
state, as well as in other tissues1. This increase in hTR
expression in cancers is attributed to the increased
metabolism of transformed cells. Thus, endocytosis
of bound Tf to hTR presents a useful target for gene
therapy1. Rheumatoid arthritis (RA) is a chronic infla-
mmatory disorder that affects the joints and leads to
bone destruction2. The synovium in RA patients is
characterized by the infiltration of various inflamma-
tory cells and excessive growth and migration of syn-
ovial cells, which result in joint destruction3. Similar
to many cancerous tissues, hTR mRNA is expressed
by synovial fibroblasts, while the receptor is not ex-
pressed in synovial macrophages or synovial fluid
neutrophils4. The expression of hTR is associated
with cell proliferation1, and the fibroblasts in the rhe-
umatoid synovium are linked to proliferation5. In the
present study, we hypothesize that hTR can be used
as a therapeutic target for gene delivery tools. To en-
hance the expression of hTR, we used basic fibroblast
growth factor (bFGF). We constructed adenoviral
vectors that carry transferrin. Among the several viral
vectors used for gene therapy, adenovirus serotype 5
(Ad5) vectors have been studied extensively in vari-
ous models. The Ad5 cell surface receptors are essen-
tial for virus infection, and binding of the knob do-
main of the Ad5 fiber to the high-affinity coxsackie-
Ad receptor (CAR) mediates initial attachment6.
Therefore, a type 5 adenovirus with a modified CAR-
binding domain (knob) has been developed6. Other
modified viruses have been used to retarget neu-
roglial cells and express the hTR7. However, CAR is
absent from the human RA synovium8. This lack of
CAR may account for the low permissiveness to
Ad58-10. Therefore, we used bFGF to enhance the ex-
pression of hTR, so as to increase the binding effi-
ciency of hTR-targeted adenoviruses (Tf-AdLac) to
cultured FLS.

In the present study, we examined the effects of
bFGF on hTR expression and investigated whether
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hTR can be used as a useful target for gene delivery,
by determining the infectious efficiencies of the Tf-
AdLac and wild-type AdLac adenoviruses for FLS.

bFGF Increases the hTR Expression of FLS
The expression of hTR was determined by immu-

nocytochemistry and Western blotting analysis. Im-
munostaining for hTR showed a remarkable increase
in expression in bFGF-treated FLS (Figure 1A, left)
compared to the negative control (Figure 1A, right).
Western blot analysis confirmed the increased level
of hTR in FLS treated with bFGF (100 ng/mL for 24
hr; Figure 1B). These data indicate that bFGF is a key
factor in hTR expression by FLS.

Infection of the hTR-targeted Adenovirus
into FLS 

We examined whether hTR is an efficient target for
gene delivery. For targeting hTR, we used an ade-
novirus that has a transferrin peptide-tagged fiber (Tf-
AdLac)11. FLS were treated with bFGF (100 ng/mL
for 24 hr) or 1% BSA solution, followed by infection
with AdLac or Tf-AdLac. After 24 hr of infection
with AdLac or Tf-AdLac, the β-galactosidase activit-

ies were determined. At a multiplicity of infection
(MOI) of 5, gene transduction of FLS was more
efficient with Tf-AdLac than with AdLac, as detected
by X-Gal staining (Figure 2A). Since most of the FLS
infected at MOIs of 10 and 50 exhibited a blue color,
these cells could not be assessed for infection effici-
ency. Therefore, we performed the β-galactosidase
assay on cells infected at an MOI of 5. Figure 2B
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Figure 1. The addition of bFGF increased hTR expression
by FLS. FLS were treated with 100 ng/mL bFGF in serum-
free DMEM for 24 hr. (A) The expression of hTR was asse-
ssed by immunocytochemistry. As assessed by staining with
the anti-hTR antibody (1 : 100 dilution), hTR was expressed
weakly under normal conditions, whereas after the addition
of bFGF, hTR expression was increased (original magnifica-
tion ×400). (B) Expression of hTR protein determined by
Western blotting with the anti-hTR antibody (1 : 100). ACTB
was used as an internal control. CON, control; bFGF, 100
ng/mL bFGF; hTR, human transferrin receptor; ACTB, β-
actin.
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Figure 2. Recombinant adenovirus-mediated gene transduc-
tion was enhanced by treatment with bFGF. (A) X-Gal stain-
ing shows that the Tf-AdLac virus was more efficient than
the AdLac virus in transducing the β-galactosidase gene into
cultured FLS, and that this effect was enhanced by the addi-
tion of bFGF. Viral infection in this experiment was at an
MOI of 5 (original magnification ×200). (B) The addition of
bFGF enhanced the infectious efficacies of AdLac and Tf-
AdLac. Recombinant adenovirus-mediated gene transduction
into FLS was measured by the β-galactosidase activity assay
24 hr after infection with AdLac or Tf-AdLac. The enzymatic
activities were higher in cells infected with Tf-AdLac than in
those infected with AdLac. These effects were enhanced by
treatment of the FLS with bFGF (P⁄0.005). The data shown
represent the average and standard deviation of four indepen-
dent experiments. The viral MOIs used in these experiments
are indicated.
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shows the β-galactosidase activity of the virus-infect-
ed FLS, as determined by X-Gal staining assay. The
enzymatic activity was higher in cells infected with
Tf-AdLac than with AdLac virus alone, and this
effect was enhanced by treatment with bFGF. 

Discussion

In the present study, we demonstrated that hTR ex-
pression in FLS is increased by the addition of bFGF,
and that hTR-expressing FLS are more efficiently
infected with adenoviruses than non-treated FLS.
These results suggest that hTR-expressing FLS may
represent an effective target for gene therapy in RA
patients.

Although there are several biological agents for the
treatment of RA, such as etanercept, infliximab,
adalimumab, anakinra, abatacept, and rituximab, their
use may be limited by high cost and various side-
effects12-15. Gene therapy has been developed as an
alternative approach to the targeted delivery of thera-
peutic agents. The Ad5 vectors have been used exten-
sively in animal models of arthritis due to their ability
to infect both proliferating and non-proliferating cells
and their relative safety6,8-10,16. However, human rhe-
umatoid synoviocytes are reported to be poorly per-
missive to Ad5 vectors due to the absence of CAR8.
Although the low levels of transgene expression
obtained with Ad5 can be compensated by the use of
high MOI, this may induce toxicity. Furthermore, the
presence of high levels of neutralizing anti-Ad5
antibodies in synovial fluid may limit the use of such
vectors in human disease. Thus, strategies to improve
Ad5 viral tropism are desirable. Since the expression
of hTR in rheumatoid synoviocytes is reported to be
relatively weak2, receptor-targeted viral vectors are
less useful. Therefore, increasing the level of hTR on
FLS could be an efficient target for hTR-targeted vi-
ral vectors in RA patients. To increase hTR expres-
sion, we have screened some candidate molecules
and chemicals that are known as inducers of hTR. Of
these molecules, only bFGF induced an increase in
hTR expression on FLS (data not shown). bFGF is
one of the important peptides in the pathogenesis of
RA. Furthermore, bFGF is one of the heparin-binding
growth factors that induce potent mitogenic effects
on various cells of mesodermal and ectodermal ori-
gin. Higher levels of bFGF have been detected in the
synovial fluid of RA patients compared to OA pati-
ents17,18. Based on these studies, we treated the FLS
with bFGF and found that the level of hTR expres-
sion was increased significantly, as assessed by im-
munocytochemistry and Western blotting (Figure 1).

We then investigated whether these hTR-overexpre-
ssing cells were suitable targets for Tf-AdLac. We
found that Tf-AdLac infected bFGF-stimulated FLS
more efficiently than non-stimulated FLS (Figure 2). 

In conclusion, we have shown that expression of
hTR by FLS is increased by the addition of bFGF,
and demonstrated that hTR can be applied as a target
for effective gene transduction. Moreover, this type
of transduction system holds promise for delivering
genes to hTR-overexpressing FLS and may be used
in the future for gene therapy of RA patients.

Methods

Cell Culture and Treatment
Synovial tissue samples obtained by therapeutic

synovectomy from several RA patients (68.1-5.8 yr,
female, N==6), who fulfilled the 1987 revised Ameri-
can College of Rheumatology criteria19, were ex-
amined in the present study. All procedures involving
human tissues were approved by the Ethics Com-
mittee of Kyung Hee University Medical Center, and
consent forms were obtained from all patients involv-
ed in the present study. FLS were isolated by enzy-
matic digestion and cultured as described previou-
sly11,20. Confluent cells were seeded at a density of 2
×104 cells in 24-well plates or 2×105 cells in 60-
mm culture dishes for 24 hr, and the medium was
then replaced with serum-free Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL, Gaithersburg,
MD, USA) that was supplemented with bFGF (1, 10,
100 ng/mL; Sigma, St. Louis, MO, USA).

Recombinant Adenovirus Infection
FLS were seeded at a density of 2×104 cells in a

24-well plate for 24 hr and then infected with a virus
that carried the β-galactosidase gene in infection
medium that contained 2% fetal bovine serum (FBS;
Sigma) for 2 hr. After the 2-hr incubation period, the
infection medium was replaced with normal growth
medium that contained 10% FBS. The infected cells
were incubated for 24 hr in 5% CO2 at 37�C, and the
β-galactosidase activity was assessed. The recombi-
nant adenoviruses (AdLac, Tf-AdLac) were prepared
as described previously7.

Immunocytochemical Analysis
FLS were cultured in a 24-well plate with 12-mm

glass coverslips until confluence was reached and
then kept in serum-free DMEM for 2 hr. The cells
were then treated with 100 ng/mL bFGF for 24 hr and
fixed in 4% paraformaldehyde [PFA in 1× phos-
phate-buffered saline (PBS, pH 7.4; Sigma)] for 5 min
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at room temperature. After permeabilization with
0.5% Triton X-100 in 1× PBS for 10 min at 4�C, the
cells were blocked for 30 min with 5% bovine serum
albumin (BSA; Sigma) in PBS at 37�C, and then ex-
posed overnight at 4�C to a 1 : 100 dilution of mouse
anti-human CD71 (transferrin receptor; BioGenex,
San Ramon, CA, USA) in PBS that contained 2%
BSA. Fixed cells were incubated for 60 min at room
temperature with FITC-conjugated anti-mouse IgG
antibody (1 : 200 dilution; Molecular Probes, Eugene,
OR, USA). The immunoreactivity for CD71 was
visualized using a fluorescence microscope (Zeiss,
Thornwood, NY, USA).

Western Blot Analysis
To detect transferrin receptor protein in the cell

lysates, cells were cultured up to 80% confluency in
100-mm dishes and treated with bFGF or vehicle for
24 hr. The cells were harvested in lysis buffer that
contained protease inhibitors and centrifuged at
12,000 rpm at 4�C for 15 min. Thirty micrograms of
the lysates were electrophoresed in a 10% sodium
dodecyl sulfate-polyacrylamide gel and transferred
onto a nitrocellulose membrane. After blocking with
5% skim milk, the membranes were probed with anti-
CD71 antibody and anti-β-actin antibody (Sigma) at 1
: 1,000 dilutions for 1 hr, and with peroxidase-conju-
gated anti-mouse IgG at 1 : 5,000 dilution (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 1 hr. The
immunoreactive bands were detected with Enhanced
Chemiluminescence Plus (Amersham Biosciences,
Little Chalfont Buckinghamshire, UK).

X-Gal Staining
FLS were fixed by incubation in a solution of 4%

PFA in 1× PBS for 5 min at 4�C. The cells were then
washed twice with PBS, and a staining solution that
consisted of PBS that contained 20 mM K3Fe (CN)6,
20 mM K4Fe (CN)6-3H2O, 2 mM MgCl2, and 1 mg/mL
of 5-bromo-4-chloro-3-indolyl β-D-galactopyra-
noside (X-Gal; stock dissolved at 50 mg/mL in dime-
thylsulfoxide) was added. Depending on the intensity
of the staining, incubation at 37�C was stopped after
1 hr. 

ββ-galactosidase Assay
A β-galactosidase assay kit (Pierce, Rockford, IL,

USA) was used to determine β-galactosidase activity
according to the manufacturer’s guidelines. In brief,
FLS that expressed β-galactosidase were cultured in
96-well plates and lysed with the M-PER mammalian
protein extraction reagent. All-in-One mammalian β-
galactosidase assay reagent was added to each well.
The reactions were stopped with 150µL of stop solu-

tion provided in the kit, and the absorbance was read
at 405 nm using a plate-reading spectrophotometer.

Statistical Analysis
The results are expressed as mean±SD. The data

were analyzed by one-way ANOVA followed by
Newman Keul’s post hocanalysis using the SPSS
version 13.0 software (SPSS Inc., Chicago, IL, USA).
Differences were considered statistically significant
at P⁄0.05.
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