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6-O- and N-Sulfated Syndecan-1 Promotes Baculovirus Binding and
Entry into Mammalian Cells
Kaisa-Emilia Makkonen,a Paula Turkki,b Johanna P. Laakkonen,a Seppo Ylä-Herttuala,a,c,d Varpu Marjomäki,b Kari J. Airennea
A. I. Virtanen Institute, Department of Biotechnology and Molecular Medicine, University of Eastern Finland, Kuopio, Finlanda; Department of Biological and Environmental
Science, Division of Cell and Molecular Biology/Nanoscience Center, University of Jyväskylä, Jyväskylä, Finlandb; Gene Therapy Unit, Kuopio University Hospital, Kuopio,
Finlandc; Research Unit, Kuopio University Hospital, Kuopio, Finlandd

Baculoviruses are insect-specific viruses commonly found in nature. They are not able to replicate in mammalian cells but
can transduce them when equipped with an appropriate mammalian cell active expression cassette. Although the viruses
have been studied in several types of mammalian cells from different origins, the receptor that baculovirus uses to enter or
interact with mammalian cells has not yet been identified. Due to the wide tropism of the virus, the receptor has been suggested to be a generally found cell surface molecule. In this article, we investigated the interaction of baculovirus and
mammalian cell surface heparan sulfate proteoglycans (HSPG) in more detail. Our data show that baculovirus requires
HSPG sulfation, particularly N- and 6-O-sulfation, to bind to and transduce mammalian cells. According to our results,
baculovirus binds specifically to syndecan-1 (SDC-1) but does not interact with SDC-2 to SDC-4 or with glypicans. Competition experiments performed with SDC-1 antibody or recombinant SDC-1 protein inhibited baculovirus binding, and
SDC-1 overexpression enhanced baculovirus-mediated transduction. In conclusion, we show that SDC-1, a commonly
found cell surface HSPG molecule, has a role in the binding and entry of baculovirus in vertebrate cells. The results presented here reveal important aspects of baculovirus entry and can serve as a basis for next-generation baculovirus vector
development for gene delivery.

B

aculoviruses are enveloped insect viruses belonging to the
family Baculoviridae, and they have a large DNA genome of
approximately 80 to 180 kbp in size (1). They are commonly
found in nature and have been widely used as biological control
agents (2). Within the past 30 years, however, the baculoviruses
have also been utilized and developed for the broad purposes of
biotechnology and as viral vectors to deliver transgenes into mammalian cells (3–5). As gene delivery vehicles, baculoviruses have a
wide range of advantages, such as their large transgene capacity,
easy production, and high gene expression in transduced cells (6).
One of the biggest advantages, however, is their inability to replicate in mammalian cells, making them safe to use for gene transfer
in cells outside their natural tropism (7, 8). The most widely studied and used baculovirus, AcMNPV (Autographa californica multiple nucleopolyhedrovirus), belonging to the genus Alphabaculovirus, can transduce a wide variety of mammalian cells and tissues
(4, 5, 9, 10). The most permissive mammalian cells for AcMNPV
have been found to be the ones from hepatic and osteosarcoma
origin, and the poorest ones are from hematopoietic origin (5,
10–15).
The trafficking route which AcMNPV uses to travel from the
cell surface to the nucleus has been investigated yet still remains
largely unknown (16–21). At the cell surface, the virus has been
suggested to take advantage of nonspecific electrostatic interactions (21, 22) and attach to a general cell surface molecule, such as
a phospholipid or heparan sulfate proteoglycan (HSPG) (19, 21–
25). No specific receptor has been identified so far. Baculovirus
trafficking and clathrin-independent entry have been shown to be
regulated by RhoA and Arf6 (16). Following entry, the virus is
vesicularly transported until the pH-dependent fusion of the viral
envelope with the endosome facilitates the release of the capsid to
the cytoplasm (16, 19, 26). The escaped nucleocapsid enters the
nucleus via nuclear pores with the help of actin filaments (27, 28).
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When the nucleus is reached, the nucleocapsid disassembles and
releases the viral DNA (17, 18, 20, 29).
HSPGs are molecules located on the plasma membrane of all
animal cells and constitute the major components of extracellular
matrices. They are divided into two major subfamilies, syndecans
and glypicans (30). The syndecans in particular have been shown
to serve as receptors for several viruses, including HIV-1 (31, 32),
herpes simplex virus (33), and human papillomavirus (34). Syndecans are highly anionic and linear HSPGs displayed at the cell
surface as transmembrane receptors (35–37). The syndecan family is divided into 4 members, syndecan-1 (SDC-1) to SDC-4, all of
which have a short cytoplasmic domain, a single-span transmembrane domain, and an extracellular domain containing attachment sites for 3 to 5 heparan sulfate or chondroitin sulfate chains.
Transmembrane and cytoplasmic domains are highly conserved
among the members, and the expression of the syndecans is cell
and tissue specific (38). SDC-1 and SDC-3 have two distinct glycosaminoglycan attachment (GAG) sites near the N terminus and
the membrane attachment site. SDC-2 and SDC-4 have the GAG
attachment sites in the distal part of the ectodomain (38). SDC-1
is mainly found in epithelial and plasma cells; SDC-2 in fibroblasts, endothelial cells, neurons and smooth muscle cells; and
SDC-3 in the nervous system. SDC-4 is the most ubiquitously
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expressed (35, 39). In general, syndecans have a role in cell proliferation, differentiation, adhesion, and migration. They are able to
bind a wide variety of different molecules, including heparinbinding growth factors, such as fibroblast and vascular endothelial
growth factors, transforming growth factor-␤, and platelet-derived growth factors (40). In the extracellular space, in addition to
binding viruses and growth factors, syndecans bind to bacteria,
lipoproteins, proteases, and extracellular matrix proteins via their
HS chains (38, 41). They also facilitate the formation of signaling
complexes by acting as coreceptors by concentrating and presenting ligands to the cell surface receptors (36). Syndecans have the
ability to internalize their ligands via endocytosis (36) and have
strongly conserved cytoplasmic domains that establish connections with signaling and cytoskeletal molecules (42).
HS has previously been shown to be involved in glycoprotein
64 (gp64)-mediated baculovirus binding into mammalian cells
(21, 22). Heparin as well as heparinases I and II were also shown to
have an effect on the binding of baculovirus to mammalian cells,
further indicating the role of HSPGs in virus entry (21, 22). However, the role of HSPG sulfation status and the exact member of
the HSPG family acting as a receptor in the binding and entry of
AcMNPV remains unsolved. In this study, we investigated the role
of HSPGs in detail and show that N- and 6-O-sulfation is important for SDC-1 mediated internalization and binding of AcMNPV
into mammalian cells.
MATERIALS AND METHODS
Cells. HepG2 (human liver carcinoma cells; CRL-11997; ATCC), 293T
(human embryonic kidney cells; CRL-11268; ATCC), EA.hy926 (hybridoma of human umbilical vein endothelial cells and A549 human alveolar
basal epithelial cells) (64), and MG-63 cells (human osteosarcoma cells;
CRL-1427; ATCC) were used in the experiments. 293T, EA.hy926, and
MG-63 cells were cultured in Dulbecco’s modified Eagle’s medium
(D6429; Sigma) and HepG2 cells in minimum essential medium Eagle
(M2279; Sigma). Both media were supplemented with 10% fetal bovine
serum (FBS; CNH0003; HyClone) and antibiotics (100 U/ml of penicillin
and 100 g/ml of streptomycin; 15070-022; Gibco). EA.hy926 cell culture
medium was supplemented with 1⫻ HAT (5 mM hypoxanthine, 20 M
aminopterin, and 0.8 mM thymidine; 21060-017; Gibco) and HepG2 cell
medium with an additional 2 mM L-glutamine (25030-024; Gibco), 0.1
mM nonessential amino acids (111360-035; Gibco), and 1.0 mM Napyruvate (11360-039; Gibco). All of the cells were grown in humidified
5% (vol/vol) CO2 at 37°C.
Viruses, binding/entry assays, and transduction experiments. Baculovirus Ba-CAG-EGFP, with woodchuck hepatitis posttranscriptional
regulatory element (WPRE), and baculovirus p24Cherry, without WPRE,
were used for the binding, entry, and transduction experiments. Sucrose
gradient-purified viruses were produced as described earlier (16, 43). Different multiplicities of infection (MOIs; 200, 400, 500, and 800) were used
depending on experimental setup. In baculovirus binding assays, the cells
were incubated with the virus for 1 or 2 h on ice with gentle shaking in cell
culture medium containing 1% FBS. The unbound virus was removed by
washing the cells three times with 0.5% bovine serum albumin-phosphate-buffered saline (BSA-PBS) and fixed with 4% PFA-PBS. In antibody-mediated inhibition experiments and colocalization studies, the virus was allowed to enter the cells for 30 min, 1 h, or 4 h at 37°C, and the
cells were further processed as described for the binding assays.
In transduction experiments, the virus was allowed to transduce the
cells in full cell culture medium. After transduction (2, 4, or 48 h), the
culture medium was renewed. The percentage of enhanced green fluorescent protein (EGFP)-expressing cells and their mean fluorescence intensity was analyzed at 48 h posttransduction by a FACSCanto II and
FACSDiva software (10,000 gated cells; BD Biosciences). All fluorescence-

October 2013 Volume 87 Number 20

activated cell sorter (FACS) samples were prepared by washing the cells
with PBS following trypsinization and suspension into 1% FBS-PBS.
Antibodies, immunofluorescence staining, and confocal microscopy. In all immunofluorescence and confocal microscopy studies, the
cells were grown on coverslips or in cell culture chambers and fixed with
4% PFA-PBS. Permeabilization, when needed, was performed with 0.1 to
0.2% Triton X-100-PBS. All antibodies used were diluted in 3% BSA-PBS,
and cells were stained by using a standard protocol for immunofluorescence staining. Mouse monoclonal gp64 (B12D5), mouse monoclonal
vp39 (p10C6), and rabbit polyclonal anti-baculovirus primary antibodies
were a kind gift from L. Volkman. Other primary antibodies were SDC-1
(sc-5632), SDC-2 (sc-15348), SDC-3 (sc-15349), SDC-4 (sc-15350; all
from Santa Cruz Biotechnology), and CD59 (ab18237; Abcam). Fluorescence-conjugated goat secondary antibodies against mouse or rabbit antibodies were Alexa 488, 555, and 594 (Life Technologies). The coverslips
were mounted with ProLong gold antifade reagent with 4=,6-diamidino2-phenylindole (DAPI) (Invitrogen) or with Vectashield hard set with
DAPI (Vector Laboratories). Slides were imaged with an Olympus
FV1000-IX81 or Zeiss LSM700 confocal microscope. Appropriate excitation and emission settings were used (488-nm argon laser and 543-nm
HeNe laser). An UPLSAPO objective (60⫻; 1.35 numeric aperture) and
20⫻, 0.5-numeric-aperture EC Plan-Neofluar objective with a resolution
of 512 by 512 pixels/image were used.
Desulfated heparins. Differentially desulfated, commercially available heparins (Iduron) were studied to investigate the possible preference
of baculovirus to utilize a certain sulfation group on HSPGs. In 2-Odesulfated heparin sulfate, groups of C2 of iduronate were removed
(De2SHep). In 6-O-desulfated heparin sulfate, groups of C6 glucosamine
were removed (De6SHep), and in N-desulfated heparin, N-sulfates of
glucosamine were removed (DeNS). The N-desulfated heparin also contains a free amino group (NH⫹3). Heparin and N-desulfated, 2-O-desulfated, and 6-O-desulfated heparins were preincubated with baculoviruses
for 1 h at 37°C in PBS at a concentration of 2 mg/ml, and the viruses (MOI,
500) were then added to cells. After 4 h, the virus inoculum was removed
and cell culture medium was renewed. The percentage of EGFP-expressing cells and their fluorescence intensity were analyzed 48 h later by FACS.
Inhibition assays. Antibody inhibition assays with antibody against
SDC-1 were performed in HepG2 cells. One day after plating the cells,
medium containing 1% FBS, including syndecan antibodies (0 to 20 g/
ml), was added and incubated for 30 min on ice with gentle shaking. In
transduction assays, baculovirus (MOI, 400) was added and incubated at
37°C until the percentage of EGFP-expressing cells and their fluorescent
intensity was analyzed 48 h later by FACS. In the baculovirus entry assay,
the baculovirus (MOI, 800) was added for 30 min at 37°C and the samples
were fixed and stained. IgG antibody (I-5000; Vector Laboratories) was
used as a control.
Recombinant SDC-1 protein (ab83609; Abcam) competition/inhibition assay was performed in HepG2 cells. The protein was added to the
cells at different concentrations (0, 1, 2.5, and 5 g/ml) and incubated for
1 h at 37°C. Baculovirus (MOI, 200) was added and kept on the cells for 2
h at 37°C. The virus inoculum was removed and cell culture medium was
renewed. The percentage of EGFP-expressing cells and their fluorescent
intensity were analyzed 48 h later by FACS.
Sodium chlorate (NaClO3; 244147; Sigma-Aldrich) was added to the
cell culture medium with 0, 25, 50, and 75 mM per day prior to baculovirus (MOI, 200) addition and kept along with the virus on the cells until the
transduction data were analyzed by FACS 48 h later. The effect of sodium
chlorate on the binding of baculovirus to the surface of HepG2 and
EA.hy926 cells was studied by treating the cells with 0, 25, 50, and 75 mM
sodium chlorate before the addition of the virus (MOI, 400). After 24 h of
treatment, the cells were washed and the virus was added to the cells in cell
culture medium containing 1% FBS. MTS assay (CellTiter 96 aqueous one
solution cell proliferation assay; Promega) was performed on sodium
chlorate-treated cells in order to ensure that sodium chlorate did not
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affect the cell viability and influence the virus binding or transduction.
The assay was performed according to the manufacturer’s instructions.
To study the role of glypicans, phosphatidylinositol-specific phospholipase C (PI-PLC; P5542; Sigma-Aldrich) was used to enzymatically remove glycosylphosphatidylinositol (GPI)-anchored proteins from the cell
membrane. After a wash with PBS, the cells were incubated in the absence
or presence of 80 mU/ml PI-PLC for 40 min at 37°C. To confirm the
effectiveness of the enzyme treatment, the amount of GPI-anchored
CD59 membrane glycoprotein on the cell membrane was studied by staining the cells with anti-CD59 and analyzed with a confocal microscope. To
study the baculovirus binding on the cells after treatment, the cells were
incubated with the virus (MOI, 500) for 2 h on ice in cell culture medium
containing 1% FBS with gentle shaking.
SDC-1 transfection. HepG2 cells were transfected with plasmid coding for SDC-1 (Source BioScience imaGenes) to detect whether overexpression of SDC-1 had an effect on baculovirus transduction. Transfection was performed according to the manufacturer’s instructions by JetPei
hepatocyte (HepG2) transfection reagent (Polyplus transfection). Twenty-four h after transfection, baculovirus (MOI, 400) transduction was
performed, and the percentage of EGFP-expressing cells and their mean
fluorescent intensity were analyzed 48 h later by FACS. The increase of
expressed SDC-1 at the time of virus addition was verified by immunolabeling. The transfection efficiency of the HepG2 cells was determined with
the aid of EGFP-encoding plasmid from the control cells. The transfection
percentage, which was estimated at the time of transfection (data not
shown), was relatively low (17.2% ⫾ 1.2%).
Analysis of the microscopic data. Quantification of virus binding and
the amounts of various proteins were performed using a free, open-source
software package, BioImageXD (44), by intensity threshold segmentation.
To quantify the level of labeled antigen, 30 images from three independent
experiments were taken. Each image contained 1 to 5 cells, which were
randomly selected and imaged. The threshold for each channel was manually adjusted to separate the signal from noise. The total intensity from
immunofluorescence was divided by the DAPI signal from the nucleus (as
a measure of the nuclear volume) to determine the intensity-per-nuclearvolume value.
To analyze the colocalization, BioImageXD was used (45). Colocalization was evaluated from the center slice of the cells. Thresholds were
adjusted manually to eliminate fluorescence originating from the background and from diffuse staining. The colocalization percentage shown
represents the signal derived from baculovirus overlapping with signal
derived from different syndecans. Statistical significance of observed colocalization was calculated by the Costes algorithm (45). Only colocalization with zero coincidence probability was taken into account (i.e., P ⫽
1.00).
Statistical analysis. Statistical analysis was performed with GraphPad
Prism software. Statistical significance of pair-wise differences was determined by Student’s t test (*, P ⬍ 0.05; **, P ⬍ 0.01; and ***, P ⬍ 0.001). All
data are presented as means ⫾ standard errors of the means (SEM).

RESULTS

HSPG sulfation is essential for baculovirus binding and transduction. Neutralization of negatively charged epitopes on cell surfaces or heparinase treatment has previously been shown to inhibit baculovirus binding onto mammalian cells (21, 22). In this
study, we investigated in more detail the role of different subfamilies of HSPGs and HSPG sulfate groups in both baculovirus binding and transduction in mammalian cells. Previously, NaClO3 has
been shown to have an effect on the sulfation degree of cell surface
GAG by preventing sulfate donation to newly synthesized polysaccharide chains (Fig. 1B) (46). This results in undersulfated
GAGs but has no effect on protein synthesis or other posttranslational modifications (46–48). To study the role of HSPG sulfate
groups in baculovirus binding, HepG2 and EA.hy926 cells were
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treated with various concentrations of NaClO3 (0, 25, 50, and 75
mM). The removal of HSPG sulfation with NaClO3 concentrations of 50 to 75 mM was shown to decrease significantly the
amount of bound baculovirus on the surface of both cell lines as
detected by confocal microscopy (Fig. 2A). This indicates that
baculovirus requires sulfated HSPGs to bind to the surface of
mammalian cells. In order to see whether the effect of NaClO3 on
virus binding is also reflected in baculovirus transduction efficiency, permissive HepG2 cells were transduced with EGFP/
WPRE-bearing baculovirus in medium containing NaClO3 (0, 25,
50, and 75 mM) and analyzed 48 h later by FACS. In line with the
viral binding studies, the removal of sulfation had a clear dosedependent effect on the baculovirus transduction rate. Compared
to control cells (100.0% ⫾ 6.2%), the relative EGFP expression in
HepG2 cells decreased significantly, with NaClO3 treatments being 79.7% ⫾ 3.3% (25 mM), 63.0% ⫾ 4.0% (50 mM), and
41.3% ⫾ 2.3% (75 mM), respectively (Fig. 2B). 3-(4,5-Dimethyl2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
performed on NaClO3-treated cells revealed no cytotoxicity for
the concentrations used (data not shown).
Since the sulfation of HSPGs was shown to be important in
baculovirus binding and transduction, we next investigated if a
certain sulfation residue on the HSPGs could be involved in baculovirus and mammalian cell surface interaction. Differentially
desulfated heparins (Fig. 1B) were used in a competition assay to
study the role of sulfation. Basic heparin and N-desulfated, 2-Odesulfated, and 6-O-desulfated heparins (1 to 2 mg/ml) were preincubated with EGFP/WPRE-bearing baculoviruses (MOI, 500)
for 1 h at 37°C, and the viruses then were added to the cells. The
number of EGFP-positive cells was analyzed 48 h later by FACS.
Pretreatment of baculoviruses with both heparin and 2-O-desulfated heparin had a clear inhibitory effect on the transduction rate
in both studied permissive cell lines (Fig. 2C). Compared to heparin (100.0% ⫾ 5.8%), the relative EGFP expression in 293T cells
with 2-O-, 6-O-, and N-desulfated heparins was 38.2% ⫾ 2.4%,
49.5% ⫾ 2.0%, 98.5% ⫾ 4.8%, and 126.5% ⫾ 4.0%, respectively.
In HepG2 cells, the corresponding values were 100.0% ⫾ 2.8%,
7.1% ⫾ 0.3%, 22.8% ⫾ 0.8%, 66.3% ⫾ 7.3%, and 82.5% ⫾ 6.0%,
respectively. In conclusion, heparins with 6-O-desulfation and Ndesulfation did not negatively affect transduction efficiency. This
suggests that baculovirus probably utilizes 6-O- and N-sulfated
residues for its interaction with heparin. Thus, sulfation has an
important role in baculovirus binding and transduction efficiency
in mammalian cells.
Glypicans do not mediate baculovirus binding on the plasma
membrane. Main subfamilies of the cell surface HSPGs are transmembrane syndecans and GPI-anchored glypicans. To distinguish the role of baculovirus binding between these two families,
PI-PLC, an enzyme that cleaves the GPI anchor of GPI-anchored
proteins, was used to remove the glypicans from the cell surface. In
practice, HepG2 and EA.hy926 cells were treated with PI-PLC (80
mU/ml), and the virus was then allowed to bind to the surface of
the cells. The amount of attached virus was quantified by confocal
microscopy. The successful removal of GPI-anchored proteins
was detected with an antibody against CD59, a member of the
group of GPI proteins to which glypicans also belong. Within the
PI-PLC-treated cells, only a small amount of CD59 was detected
on the cell surface, indicating the effective cleavage of the cell
surface GPI proteins (Fig. 3A and B). After the PI-PLC treatment,
statistically nonsignificant effects on baculovirus binding were ob-
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FIG 1 Schematic of syndecan and glypican at the plasma membrane and the effect of treatments. (A) Syndecans are extracellular transmembrane proteins which
have heparan (HS) and chondroitin sulfate (CS) side chains attached to the extracellular core protein (ectodomain). These glycosaminoglycan chains consist of
repetitive differentially sulfated polysaccharides. Glypicans have the same type of side chains but are attached to the plasma membrane by a GPI anchor.
Treatment with PI-PLC cuts the GPI anchor and releases the glypicans from the cell surface. (B) Schematic showing differentially desulfated heparan sulfate/
heparins (2-DSH, 2-O-desulfated; 6-DSH, 6-O-desulfated; N-DSH, N-desulfated). Different desulfation positions have been marked with circles. An example
where NaClO3 removes the sulfation on heparan sulfate is indicated by an arrow.

served (Fig. 3A), implying that the HSPG glypicans are not important for binding of baculovirus to the mammalian cell surface.
Accordingly, no change in the EGFP transgene expression was
detected in permissive HepG2 cells transduced with EGFP/
WPRE-bearing baculovirus after PI-PLC treatment (data not
shown).

October 2013 Volume 87 Number 20

SDC-1 expression levels and baculovirus binding in different
cell types. Since the glypicans apparently did not mediate the
binding of the baculovirus, we studied further the other main
members of the HSPGs, the syndecans. To observe SDC-1 to
SDC-4 at the surface of different types of cells, HepG2, 293T,
EA.hy926, and MG-63 cells were first stained with specific anti-
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FIG 2 Role of HSPG sulfation on baculovirus binding and transduction. (A) Quantification of cell surface-bound baculovirus on EA.hy926 and HepG2
cells treated with NaClO3 (0 to 75 mM). Baculovirus (MOI, 400) was allowed to bind to the surface of NaClO3-treated cells (1 h). The bound virus was
stained with mouse anti-gp64 and anti-mouse Alexa 488-conjugated secondary antibody and imaged with confocal microscopy (60⫻ magnification).
Image analysis was performed as described in Materials and Methods. (B) HepG2 cells treated with different concentrations of NaClO3 (0 to 75 mM) and
transduced with baculovirus (MOI of 200) for 48 h. The virus-mediated transgene (EGFP) expression percentages were analyzed by FACS. (C) HepG2 and
293T cells transduced with baculoviruses (MOI, 500) pretreated with basic and differentially 2-O-, 6-O-, and N-desulfated heparins (2 mg/ml). The
percentage of EGFP-positive cells was analyzed 48 h later by FACS. In all experiments, EGFP/WPRE-bearing baculovirus was used. Mean fluorescence
values and standard deviations are shown.

bodies against each member of the syndecan family, and antibody
binding was detected with confocal microscopy. The expression
levels of SDC-1 seemed to be slightly higher, on average, in
EA.hy926 and HepG2 cells, whereas the expression levels of
SDC-2, SDC-3, and SDC-4 were quite uniform in all studied cells
(Fig. 4A). In order to observe if there was any relation between the
amount of syndecans expressed at the cell surface and the level of
baculovirus binding among different cell types, baculovirus was
allowed to attach to the surface of the cells and the amount of
bound virus was quantified. The detected amount of bound bac-
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ulovirus was highest in EA.hy926 cells (Fig. 4B), which also expressed the highest levels of SDC-1. The binding of the baculovirus to MG-63 and HepG2 cells seemed to have a similar trend with
the detected amount of SDC-1. However, in 293T cells, the trend
between SDC-1 expression and baculovirus binding was not evident.
Baculovirus colocalizes with SDC-1. Since the experiments
suggested a role for syndecans in baculovirus binding and transduction, we next studied further the colocalization of baculovirus
with different syndecans in HepG2 and EA.hy926 cells. The bac-
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FIG 3 Effect of PI-PLC treatment on glypican removal and baculovirus binding. (A) HepG2 and EA.hy926 cells versus cells treated with PI-PLC. Baculovirus
(MOI, 500) was allowed to bind to the surface of the cells. The virus was stained with rabbit anti-baculovirus antibody together with anti-rabbit Alexa-555conjugated secondary antibody. The amount of GPI proteins was quantified by staining the cell surface with mouse anti-CD59 and anti-mouse Alexa 488 and
imaged with confocal microscopy (60⫻ magnification). Image analysis was performed as described in Materials and Methods. Mean fluorescence values and
standard deviations are shown. (B) Representative images of CD59-stained, PI-PLC-treated versus control HepG2 cells. Staining was performed as described for
panel A. CD59 is seen in green, and DAPI-stained nuclei are seen in blue.

ulovirus was allowed to bind and enter the cells for 4 h, and the
syndecans and the viruses were stained with specific antibodies
and imaged. Colocalization of baculovirus in EA.hy926 and
HepG2 cells was evident and statistically significant only with
SDC-1 (Fig. 5A). Only minimal colocalization was detected with
other members of the syndecan family, further highlighting the
role of SDC-1 in the interaction of baculovirus on the mammalian
cell surface and within the cells. The colocalization was also evident when virus internalization was monitored at different time
points postinternalization (30 min, 2 h, and 4 h). Only SDC-1
showed colocalization with the virus (Fig. 5B), whereas no colo-
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calization was observed with other members of the syndecan family (data not shown).
Since the colocalization studies suggested a role for SDC-1 in
the interaction of baculovirus with mammalian cells, we next
tested whether the masking of the cell surface with the SDC-1
molecule had an effect on baculovirus transduction. Permissive
HepG2 cells were first pretreated with SDC-1 antibody (0, 10, and
20 g/ml), followed by baculovirus transduction for 48 h and
detection of the virus-mediated EGFP expression by FACS (Fig.
6A). The antibody-mediated masking of the cell surface SDC-1
showed that SDC-1 antibody was able to decrease baculovirus
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FIG 4 Syndecan expression levels and baculovirus binding in various mammalian cell types. (A) 293T, MG-63, HepG2, and EA.hy926 cells were immunostained
with rabbit anti-SDC-1 to -4 antibodies and anti-rabbit Alexa 488 antibody and imaged by confocal microscopy (60⫻ magnification). Image analysis was
performed as described in Materials and Methods. Mean fluorescence values and standard deviations are shown. (B) The amount of baculovirus binding at the
surface of 293T, MG-63, HepG2, and EA.hy926 cells. The virus (MOI, 500) was allowed to attach on the surface of the cells. The bound virus was stained with
rabbit anti-baculovirus antibody and anti-rabbit Alexa 488 antibody and imaged by confocal microscopy (60⫻ magnification). Image analysis was performed as
described in Materials and Methods. Mean fluorescence values and standard deviations are shown.

transduction efficiency in HepG2 cells compared to that in control
antibody-treated cells. The negative effect of SDC-1 antibody on
baculovirus uptake was also seen with confocal microscopy at 30
min posttransduction (Fig. 6B). To further study the role of
SDC-1 in baculovirus transduction, a competition assay with recombinant SDC-1 protein was performed. SDC-1 protein was
added to the cells 1 h before the addition of the virus, and the
detection of virus-mediated EGFP expression by FACS was performed again 48 h later. The increase in the amount of SDC-1
recombinant protein was shown to decrease the baculovirus
transduction levels dose dependently (Fig. 6C). Altogether, these
data show that masking of the cell surface SDC-1 with the aid of
antibody or the competition provided by recombinant SDC-1
protein can prevent both baculovirus uptake and transduction in
HepG2 cells.
In order to see if the level of baculovirus transduction could be
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enhanced by increasing the expression of SDC-1 at the surface of
the cells, HepG2 cells were transfected with a plasmid encoding
SDC-1 and transduced with baculovirus. As a result, enhanced baculovirus transduction efficiency in SDC-1-transfected cells was detected by FACS (Fig. 6D). The functionality of the plasmid was
checked by immunolabeling the cell surface SDC-1 of transfected
cells (data not shown). In conclusion, the overexpression of SDC-1
was able to enhance the baculovirus transduction in HepG2 cells.
Altogether, our results suggest that baculovirus requires HSPG sulfation, particularly N- and 6-O-sulfation, to bind to and transduce
mammalian cells. Also, our colocalization studies suggest that baculovirus binds to SDC-1 but does not interact with SDC-2 to -4 or with
glypicans. In addition, competition experiments performed with
SDC-1 antibody or recombinant SDC-1 protein, shown to inhibit
baculovirus binding and SDC-1 overexpression, lead to enhanced
baculovirus-mediated transduction.
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FIG 5 Localization of baculovirus with different syndecans in EA.hy926 and
HepG2 cells. (A) Baculovirus (MOI, 500) was allowed to bind to and enter the
cells and was immunostained with mouse anti-vp39 and anti-mouse Alexa
488. Syndecans were stained with rabbit anti-SDC-1 to -4 antibodies and antirabbit Alexa 555 antibody. Baculoviruses are seen in green and syndecans in
red. Imaging was performed by confocal microscopy (60⫻ magnification).
Colocalization percentages represent the percent overlap of baculovirus with
SDC-1 to -4 signals. Scale bars, 20 m. (B) SDC-1 and baculovirus colocalization at different time points (30 min and 2 h) postinternalization in HepG2
and EA.hy926 cells. Baculovirus (MOI, 500) was allowed to bind to and enter
the cells, and the virus was immunostained with mouse anti-vp39 and antimouse Alexa 555. SDC-1 was stained with rabbit anti-SDC-1 antibody and
anti-rabbit Alexa 488 antibody. SDC-1 is seen in green, and baculoviruses are
seen in red. Imaging was performed by confocal microscopy (60⫻ magnification). Scale bars, 20 m.

DISCUSSION

The determination of cellular factors influencing the susceptibility
of cells to virus transduction is crucial in understanding virus-cell
interactions and for development of next-generation viral vectors
for gene therapy. Baculoviruses hold great promise as gene therapy vectors, since they are able to transduce a wide variety of cells
(5). Additionally, they have already been used as vaccines (49). In
this respect, it is remarkable that the receptor(s) which baculovirus interacts with in insect or mammalian cells is not yet known.
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So far, general cell surface molecules, such as phospholipids or
heparan sulfate proteoglycans (HSPGs), have been suggested to be
responsible for the interaction (19, 21, 22); however, this interaction has not been studied in detail. A wide variety of pathogens
utilize the HSPGs, especially the members of the syndecan family
(41). In this study, we show that baculovirus interacts with specifically sulfated HSPGs in mammalian cells and that it uses SDC-1
for its binding and entry.
HSPGs are widely expressed on the surface of adherent cells
and in the extracellular matrix. They are composed of a core protein into which one or several HS glycosaminoglycan chains bearing N- and O-sulfated linear polysaccharides are attached (Fig. 1).
The expression and the sulfation degree of cell surface HSPGs
differ depending on the cell type (38). The majority of pathogens
have been shown to interact particularly with the HS moieties of
HSPGs (41). Our desulfation experiments performed with
NaClO3 showed a clear dose-dependent effect on both baculovirus transduction and binding, indicating the crucial importance
of HS sulfation in baculovirus-cell surface interaction. It is known
that several viruses utilize specific sulfation residues over others
when binding to the HSPGs. N- and 6-O-sulfations have been
reported to be crucial for coxsackie B virus internalization (50),
whereas 6-O-sulfation is important for HIV-1 binding (51). To
determine if the binding of baculovirus was based solely on random electrostatic interactions or if there was a specific sulfation
residue which the baculovirus interacts with, we used differentially desulfated heparins. The experiments showed that the interaction was not unspecific, as both N- and 6-O-sulfations had an
effect in transduction while 2-O-sulfation played no role. Interestingly, the baculovirus gp64 peptides responsible for the binding
of the virus to the mammalian cell surface HSPGs do not seem to
function in a similar fashion in Sf9 insect cells (21).
HSPGs are composed of two main families, syndecans and
glypicans. To discriminate the binding of baculovirus between the
two families, we removed glypicans from the cell surface with
PI-PLC and allowed the virus to bind. The removal of GPI-anchored proteins with PI-PLC did not have a significant impact on
baculovirus binding in EA.hy926 and HepG2 cells. Although the
removal was detected to be successful, the virus was still able to
bind to the surface of the cells. This is in line with studies showing
that most of the identified HSPG-mediated interactions with different viruses have been seen to occur with members of the syndecan family (41). Our previous study also suggested that GPIanchored proteins were not involved in baculovirus entry into
mammalian cells (16). Based on these results, the role of the glypican family was ruled out, and our further studies focused on investigating the role of the syndecan family in baculovirus binding
and entry.
Syndecan HSPGs are ubiquitously expressed in different kinds
of mammalian cells, but the expression patterns of the four members vary and are highly dependent on the cell and tissue type (40).
To estimate the expression patterns in different cells types, we
immunostained all four cell surface syndecans in 293T, EA.hy926,
HepG2, and MG-63 cells. As a result, SDC-1 was found to be more
expressed in HepG2 and EA.hy926 cells than in 293T and MG-63
cells. Additionally, the binding of baculovirus was detected to be
most efficient in the same HepG2 and EA.hy926 cell types. Interestingly, despite the lower level of SDC-1 expression in 293T cells,
baculovirus was able to bind to the cells efficiently. This could be
due to significant differences in the disaccharide composition of
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FIG 6 Effect of SDC-1 plasmid transfection, antibody-mediated SDC-1 inhibition, and SDC-1 recombinant protein competition on baculovirus transduction
and binding. (A) HepG2 cells were pretreated with SDC-1-specific (0, 10, and 20 mg/ml) and control antibodies (20 g/ml; IgG). Baculovirus (MOI, 800) was
added, and the percentage of EGFP-positive cells was analyzed 48 h later by FACS. (B) HepG2 cells were pretreated with 20 g/ml of SDC-1 antibody. Baculovirus
(MOI, 800) was added and allowed to enter the cells for 30 min at 37°C. Baculovirus was stained with anti-vp39 and anti-mouse Alexa 488 antibodies, and SDC-1
was stained with anti-rabbit Alexa 594 antibody. Baculovirus is seen in green and SDC-1 in red. Imaging was performed by confocal microscopy (20⫻
magnification). (C) HepG2 cells were pretreated with SDC-1 recombinant protein (0, 1, 2.5, and 5 g/ml) and the baculovirus (MOI, 200) was added. The
percentage of EGFP-positive cells was analyzed 48 h later with FACS. (D) HepG2 cells were transfected with SDC-1-encoding plasmid, and baculovirus (MOI,
400) was added 24 h later. The percentage of EGFP-positive cells was analyzed 48 h later by FACS. In all transduction experiments, EGFP/WPRE-bearing
baculovirus was used. Mean fluorescence values and standard deviations are shown.

the HS chains of SDC-1 in fibroblastic, endothelioid, and epithelial cells (37). The number and size of the GAG chains also can vary
in a tissue- and cell type-specific manner (37). These differences
may reflect the ligand binding properties and syndecan function.
Since HS functions primarily as a coreceptor that catalyzes ligand
encounters with other signaling receptors on the cell surface (31,
32), it is possible that other molecules influence the baculovirus
binding as well. Although EA.hy926 and MG-63 cells express relatively large amounts of SDC-1 at their cell surface, the transduction rate of baculovirus in these cells is very low (14, 18). However,
this does not exclude the role of SDC-1 in baculovirus interaction
on the surface of the cells, as shown by our results. Baculovirus is
able to bind to and interact with SDC-1 of EA.hy926 cells, but in
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this nonpermissive cell line it cannot reach the nucleus where the
transgene expression takes place (18). Additionally, we showed
recently that the dynamics of vimentin expression and the phosphorylation status of protein kinase C alpha (PKC-␣) and -ε regulate the nonpermissive phenotype of EA.hy926 and MG-63 cells,
affecting baculovirus transduction (52). The phenomenon of the
virus getting trapped and aggregated in EA.hy926 cells has also
been reported in the case of AAV-2, a virus known to apply HSPG
as a receptor (53).
From our studies, several lines of evidence demonstrated the
importance of SDC-1 over the other syndecans. First, the binding
of baculovirus seems to follow a similar trend in the estimated
levels of SDC-1 expression in various cell types, suggesting that
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SDC-1 is a key member in baculovirus binding. Second, colocalization studies, which were carried out with all syndecans and
baculovirus, showed no colocalization with SDC-2 to -4. The only
evident colocalization detected was with baculovirus and SDC-1,
indicating that baculovirus uses SDC-1 for its binding to and entry
into the cells. Third, when antibody inhibition studies with SDC-1
antibody were performed, SDC-1 antibody was able to prevent
baculovirus binding and entry. Fourth, a decrease in baculovirus
transduction was seen in a competition assay with recombinant
SDC-1 protein. Finally, as the expression levels of SDC-1 were
upregulated with SDC-1-encoding plasmid, an increase in the
transduction levels of baculovirus was detected. Together, these
data suggest that SDC-1 has a role in the binding and transduction
of baculovirus in mammalian cells.
The binding and entry of baculoviruses into mammalian cells
has been considered controversial. Some studies have identified
cell surface phospholipids important for entry (23–25, 54),
whereas others suggest roles of HSPGs (21, 22). Recently, Wu and
Wang (21) suggested that baculoviruses utilize two different
methods, nonspecific electrostatic interactions and more specific
receptors in attachment. Kataoka et al. (24) concluded that baculovirus internalization is mediated by lipid rafts and is based on
receptor-mediated endocytosis, whereas O’Flynn et al. (54) suggested that baculovirus takes advantage of a lipid-based receptorindependent route. Although previous reports show controversy
between receptor-independent and receptor-mediated entry (21,
24, 54), there is a consensus for a requirement of gp64 in the
internalization process. Gp64 has been shown to interact with cell
surface phospholipids (23–25, 54) and heparins (21), suggesting
that these two factors act in cooperation or that two distinct internalization routes exist for baculovirus. The cooperation hypothesis is supported by the fact that in several baculovirus-phospholipid studies, baculovirus internalization has been specifically
associated with cholesterol-rich raft areas (24, 54). Upon ligandinduced clustering, SDC-1 also has been shown to move to and
internalize from the raft areas (55–60). Furthermore, we have
shown earlier that clustering of the cell surface cholesterol by filipin inhibits baculovirus internalization (16). Kataoka et al. (24)
also observed that methyl-␤-cyclodextrin, which removes cell surface cholesterol, inhibits baculovirus uptake. Methyl-␤-cyclodextrin treatment has previously been shown to remove raft-associated SDC-1 from the cell surface (58).
The process of SDC-1 entry seems to be in accordance with
the steps of baculovirus entry. Similar to baculovirus uptake
(16), SDC-1 entry is clathrin and caveolin independent and
actin dependent, and it occurs from the membrane raft areas
(55, 56). Ligand binding causes syndecan clustering and subsequent internalization of the receptor and its cargo (55, 56).
This is also in line with a previous study (19) showing clustering of the baculoviruses on the cell membrane prior to their
internalization. In this study, we have suggested that heparin
sulfate proteoglycan SDC-1 acts as a receptor for baculovirus in
human cells. Evidence to support this includes the previous
reports showing heparin dependency (21, 22) and similarities
of internalization mechanisms of baculovirus and SDC-1 (16,
19, 55, 56). The data also fit the hypothesis that the seemingly
contradictory results actually represent the several subsequent
steps of baculovirus entry. Subsequent steps are required in
attachment (HSPGs), signaling/trafficking to membrane raft
areas/internalization (SDC-1), and gp64-mediated fusion
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(phospholipids) into the endosome, mediated by HSPGs,
SDC-1, and phospholipids, respectively. Whether there are
other receptors/coreceptors/molecules involved remains to be
further studied.
In conclusion, we show that baculovirus interacts with 6-Oand N-sulfated HS chains of HSPGs. Most importantly, our results indicate that SDC-1 serves as a receptor for baculovirus in
vertebrate cells. The binding and entry generally are complex processes which normally require the involvement of several molecules that are responsible for the different steps of virus binding,
entry, and intracellular signaling, leading to the efficient internalization and transport to the nucleus. Thus, the involvement of
other significant cellular factors cannot be excluded. However, the
results presented here reveal important aspects of baculovirus entry which expand the current knowledge of virus-cell interaction
and serve as a basis for the further development of baculovirus as
a versatile vector for gene delivery into vertebrate cells. As SDC-1
is seen to be upregulated in many types of cancers (61), the use of
baculovirus as a gene transfer vector to malignant cells is appealing and further justified (5, 62, 63).
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