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This study compared the ability of mosquito and mammalian cell-derived dengue virus (DENV) to
infect human dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN)-expressing cells
and characterized the structure of envelope (E) protein N-linked glycans on DENV derived from
the two cell types. DENVs derived from both cell types were equally effective at infecting DC-
SIGN-expressing human monocytes and dendritic cells. The N-linked glycans on mosquito cell-
derived virus were a mix of high-mannose and paucimannose glycans. In virus derived from
mammalian cells, the N-linked glycans were a mix of high-mannose and complex glycans. These
results indicate that N-linked glycans are incompletely processed during DENV egress from cells,
resulting in high-mannose glycans on viruses derived from both cell types. Studies with full-length
and truncated E protein demonstrated that incomplete processing was most likely a result of the
poor accessibility of glycans on the membrane-anchored protein.

INTRODUCTION

Dengue viruses (DENVs) are enveloped, positive-sense
RNA viruses of the genus Flavivirus that are transmitted via
the bite of Aedes mosquitoes. Each year, over 2.5 billion
people are at risk of contracting dengue, 100 million
people develop symptomatic infections and up to 2.5%
of dengue haemorrhagic fever (DHF) patients die
(Gubler, 2002; Gubler & Clark, 1995; WHO, 2009).
Despite the public health importance of dengue, the cell
biology of DENV is poorly understood. Vector-borne
viruses such as DENV must productively infect cells of
both arthropod and mammalian origin. As the post-
translational protein-processing machinery is different in
insect and mammalian cells, the structure of glycopro-
teins produced in the two hosts may be different. Recent
work with a wide variety of viruses has shown that
protein glycosylation can influence viral virulence
(reviewed by Vigerust & Shepherd, 2007). Recent studies
with alphaviruses, which are also transmitted by arth-
ropod vectors, have demonstrated that membrane-
protein N-linked oligosaccharides are differentially pro-
cessed by enzymes in insect and mammalian cells
(Shabman et al, 2008). Structural differences in the
glycans derived from insect and mammalian cells
influence the ability of the viruses to infect target cells
(Klimstra et al., 2003; Shabman et al., 2007, 2008). In this
study, we characterized the N-linked glycans on the
envelope protein of DENVs grown in different cell types
and assessed the functional consequences of these
differences.

The DENV particle is made up of three structural proteins:
envelope (E), membrane (M) and capsid (C) (Chambers et
al., 1990b; Kuhn et al, 2002). The E protein is the major
membrane glycoprotein on the surface of the virion,
responsible for virus attachment and fusion (Chambers et
al., 1990b). Human dendritic cells (DCs) are a target of
DENYV infection (Ho et al., 2001; Marovich et al., 2001; Wu
et al., 2000). Infection of DCs is mediated by the binding of
DENV to DC-specific ICAM3-grabbing non-integrin (DC-
SIGN), a C-type lectin that preferentially binds to terminal
mannose sugars on glycans (Cambi & Figdor, 2003; Cambi
et al., 2003; Engering et al, 2002; Navarro-Sanchez et al.,
2003; Tassaneetrithep et al., 2003). DENV E protein has
two potential N-linked glycosylation sites at N67 and
N153, whereas most other flaviviruses have only a single N-
linked glycosylation site at N154 (Chambers et al., 1990a;
Heinz & Allison, 2003). DC-SIGN binds to DENV via the
glycan at N67 on the E protein (Lozach et al, 2005;
Mondotte et al., 2007; Navarro-Sanchez et al, 2003;
Pokidysheva et al., 2006; Tassaneetrithep et al., 2003).

Virions produced in the mosquito vector and human host
may have structurally different N-linked glycans, as insect
and mammalian cells process glycans differently during
exocytosis (Jarvis, 2003). Both hosts transfer a lipid-linked
oligosaccharide, Glc;ManyGIcNAc,, to asparagine residues
co-translationally in the endoplasmic reticullum (ER)
(Hubbard & Ivatt, 1981). Insects and mammals have
mannosidases and glucosidases capable of trimming
mannose and glucose residues during exocytosis. In
mosquito cells, proteins can make it through the exocytic
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pathway maximally (paucimannose) or minimally (high-
mannose sugars) trimmed (Hsieh & Robbins, 1984;
Hubbard & Ivatt, 1981; Jarvis, 2003; Marchal et al.,
2001). In either case, terminal mannose residues are
present on N-linked oligosaccharides in insects.
Mammalian cells have enzymes that can further process
trimmed oligosaccharides by adding sialic acid, glucose,
galactose and other sugars to produce complex N-linked
oligosaccharides with no terminal mannose residues
(Jarvis, 2003; Pfeffer & Rothman, 1987). As DC-SIGN
preferentially binds to terminal mannose residues, one
would predict that viruses grown in insect cells would bind
to this receptor and infect DCs better than viruses grown in
mammalian cells. In fact, DC-SIGN can distinguish
between mosquito- and mammalian cell-derived alpha-
virus E2 glycans, resulting in more efficient infection by
mosquito cell-derived virus (Klimstra et al., 2003; Shabman
et al., 2007, 2008). Similarly, mosquito-derived West Nile
virus (WNV), a flavivirus relative of DENV, also infects
cells through DC-SIGN better than mammalian cell-
derived virus. The ability of DC-SIGN to interact
preferentially with mosquito-derived WNV maps to the
lectin carbohydrate-recognition domains (Davis et al.,
2006b).

The glycans on the DENV envelope have been roughly
characterized for some serotypes. There is no consensus on
the number and structure of the sugars added to the E
protein in mosquito or mammalian cells. Smith & Wright
(1985) first reported that the mouse-adapted DENV-2
(strain New Guinea C) has two N-linked glycans on the E
glycoprotein. They also concluded that the sugars added were
heterogeneous in structure and composition. Johnson et al.
(1994) confirmed the addition of two glycans to the E protein
of DENV-1 (strain Hawaii) grown in C6/36 cells, but found
only a single glycan at position 67 in DENV-2 (strain
Jamaica) grown in the same cells. They concluded that these
sugars were high mannose based on their ability to bind
concanavalin A (ConA). More recently, the structure of
glycans has been characterized on the soluble E protein of
DENV-1, DENV-2 and DENV-3. In these systems, both
glycans were processed to paucimannose or complex glycans
in insect and mammalian cells, respectively (Lozach et al.,
2005; Miller et al, 2008; Modis et al., 2005). Two recent
studies have examined the phenotype of E protein glycan-
mutant DENVs and shown that the glycan at N153 is not
necessary for virus production and spread in either mosquito
or mammalian cells (Bryant et al., 2007; Miller et al, 2008).
N67 was essential for virus spread in mammalian cells, which
is consistent with a role for this glycan in binding to host-cell
receptors. There is disagreement over whether the glycan at
N67 is necessary for viral spread in mosquito cells (Bryant et
al., 2007; Mondotte et al., 2007). Further studies are needed
to characterize the structure and functional significance of N-
linked glycans on the four serotypes of DENVs produced in
mosquito and mammalian cells.

In this paper, we report that both mosquito- and
mammalian-derived DENVs infect DC-SIGN-expressing

cells with similar efficiency. We used lectin blots and
enzymes that specifically cleave glycans of defined structure
to characterize the N-linked glycans on mosquito and
mammalian cell-derived DENV. All four serotypes of
DENV grown in insect and mammalian cells had two N-
linked glycans on the E protein. In both cell types, one of
the glycans had a high-mannose structure indicating
incomplete processing. The second sugar was either
paucimannose or complex on virus produced in mosquito
or mammalian cells, respectively. We propose that, unlike
alphaviruses and other flaviviruses, DENVs derived from
both hosts can efficiently infect DCs because of the
presence of unprocessed, high-mannose glycans on the E
protein.

METHODS

Cell lines and virus strains. C6/36 Aedes albopictus cells (ATCC
CRL-1660) were propagated in minimal essential media with Earle’s
salts (E-MEM) supplemented with 1% L-glutamine, 1% penicillin/
streptomycin/Fungizone, 1% non-essential amino acids and 10 %
fetal bovine serum (FBS; Gibco/Invitrogen) at 28 °C in 5% CO.,.
Vero (African green monkey) clone 81 cells were a gift from Robert
Putnak at the Walter Reed Army Medical Center (Washington, DC,
USA) and were propagated in Dulbecco’s modified Eagle’s medium/
Nutrient Mixture F-12 (DMEM/F-12) supplemented with 1% L-
glutamine, 1% penicillin/streptomycin/Fungizone, 1 % non-essential
amino acids, 0.2% sodium bicarbonate and 10% FBS (Gibco/
Invitrogen) at 37 °Cin 5% CO,. The DENV strains used in this study
were DENV-1 West Pac 74, DENV-2 New Guinea C and 16681,
DENV-3 H87 and CH53489, and DENV-4 TVP 360.

Virus propagation and purification. DENV stocks were grown in
C6/36 mosquito cells or Vero cells. To generate stocks, seed virus was
added to 80 9% confluent cells at an m.o.i. of 0.01 in reduced-serum
medium (E-MEM supplemented with 1% L-glutamine, 1% penicil-
lin/streptomycin/Fungizone, 1% non-essential amino acids and 2 %
FBS for C6/36 cells, and DMEM/F-12 supplemented with 1% L-
glutamine, 1% penicillin/streptomycin/Fungizone, 1 % non-essential
amino acids, 0.2 % sodium bicarbonate and 5 % FBS for Vero cells).
After 7 days, the medium was harvested from the cells and clarified by
centrifugation at 10000 g for 30 min. The virus-containing super-
natant was supplemented with 20 % FBS and stored at —80 °C. For
studies requiring purified and concentrated virus, the supernatant was
centrifuged at 76221 g for 5h to pellet the virus under a 20 %
sucrose : PBS (w/v) cushion. Pelleted virus was resuspended in PBS,
loaded onto a 15-60% (v/v) continuous iodixanol gradient, and
centrifuged at 29331 g for 154 min. Fractions containing purified
virus were diluted in PBS and centrifuged at 76 221 g for 5 h to pellet
the virus and remove the iodixanol. Purified virus was stored at
—80 °C.

Virus genome quantification and titration. Viral genomes were
quantified by real-time PCR as described previously using primers to
amplify the 3'-untranslated region (Houng et al., 2001). To calculate
the m.o.i. for infection assays, virus titres were determined using flow
cytometry using a method similar to that described by Lambeth et al.
(2005). Briefly, 2 x 10® Vero cells were plated in 96-well plates and
infected with known amounts of viral genomes. At 24 h post-
infection (p..), infected cells were stained and infection was
determined by flow cytometry. Cells were fixed, permeabilized and
stained with Alexa Fluor 488-conjugated anti-flavivirus E protein
monoclonal antibody (mAb) 4G2 (ATCC HB-112). Virus released
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into the supernatant of infected cells was quantified in Vero cells in a
24-well-format immunofocus assay modified from that described in
AP61 cells (Despres et al., 1993). Subconfluent Vero monolayers were
infected with serial dilutions of infected cells. Overlay medium (Opti-
MEM 1 containing 0.8 % methyl cellulose; Electron Microscopy
Sciences) was then added to plates and the cells were incubated for 5
days at 37 °C in 5 % CO,. Monolayers were stained with 400 ng mAb
4G2 followed by a 1:500 dilution of horseradish peroxidase (HRP)-
conjugated secondary antibody (Sigma-Aldrich) for 1h, each at
37 °C. Foci were visualized with HRP substrate. Titres were expressed
as focus forming units (f.fu.) ml™! and were calculated by
multiplying the mean number of foci per well at a given dilution
by the inverse dilution factor and dividing by the volume added to
each well.

DENV infection of U937 cells expressing DC-SIGN. A human
monocytic cell line (U937) constitutively expressing DC-SIGN was
obtained from Mark Heise at the University of North Carolina at
Chapel Hill, NC, USA (Kraus et al., 2007). The parental and DC-
SIGN transduced cells were maintained at 37 °C in 5% CO, in
complete RPMI medium (RPMI 1640 supplemented with 1% L-
glutamine, 1% penicillin/streptomycin/Fungizone, 1% non-essential
amino acids, 50 mM 2-mercaptoethanol and 10 % FBS). For infection
assays, virus was added to cells at an m.o.i. of 0.001, 0.01 or 0.05. Cells
and virus were incubated for 2 h in the presence of medium alone,
isotype control mAb clone 20116 (100 pg ml™'; R&D Systems), anti-
CD209 blocking mAb clone 120507 (100 ug ml™'; R&D Systems),
20 pg mannan ml ! or 5 mM EDTA. After 2 h, the cells were washed
and resuspended in complete RPMI medium. At 24 h p.i., cells were
processed and stained for infection with mAb 4G2 as described above.
For the 48 h DENV2 time-course experiment, cells and supernatants
were harvested at 12 h intervals. Cells were processed for fluor-
escence-activated cell sorting and supernatants were titrated on Vero
cells in an immunofocus assay as described above.

Isolation and infection of monocytes-derived DCs. Human DCs
were derived from peripheral blood monocytes as described by Moran
et al. (2005). Briefly, buffy coats obtained from the American Red
Cross were diluted 1:2 in PBS and peripheral blood monocytic cells
were isolated by centrifugation over Ficoll-Hypaque (Sigma).
Monocytes were enriched by adding 1 x 10® cells to a tissue culture
flask for 2 h and removing non-adherent cells. Adherent cells were
cultured in complete RPMI medium supplemented with 800 U
granulocyte-macrophage colony-stimulating factor ml~' and 500 U
interleukin-4 (Peprotech) ml~'. Fresh cytokines were added on day 3
and immature DCs were harvested on day 6. Immature DCs were
infected with DENV at an m.o.. of 0.05 and processed for flow
cytometry as described above for U937 +DC-SIGN cells.

Characterization of N-linked glycans on DENV. Purified DENVs
were digested with endoglycosidase H (EndoH) or peptide: N-
glycosidase F (PNGaseF; New England BioLabs) according to the
manufacturer’s protocol with a minor modification. Instead of
denaturation in the provided glycoprotein denaturation buffer
containing dithiothreitol, viruses were denatured in 0.5% SDS.
Treatment with these enzymes can determine whether glycans are
high mannose or complex (Maley et al,, 1989). Digested viral proteins
were separated by SDS-PAGE under non-reducing conditions and
analysed by Western or lectin blots. In Western blots, E protein was
detected using mAb 4G2 as a primary antibody and HRP-conjugated
goat anti-mouse IgG as a secondary antibody. Glycosylated envelope
was detected with the lectins Galanthus nivalis agglutinin (GNA) or
Datura stramonium agglutinin (DSA) according to the manufacturer’s
protocol (DIG Glycan Differentiation kit; Roche). Western and lectin
blot films were scanned and images were processed using Adobe
Photoshop.

Determination of the role of prM in E protein N-linked glycan
processing. To study whether E packaging in viral or subviral
particles affected the processing of N-linked glycans in the E protein,
we created constructs of DENV-2 truncated ectodomain E and full-
length E protein for expression using Venezuelan equine encephalitis
virus (VEEV) replicons as described previously (White et al., 2007).
RT-PCR was used to create full-length E protein with prM (prM/E)
and the soluble ectodomain of E with prM (prM/E85). The amplified
DNAs were cloned into the multicloning sites of VEEV replicon
vectors provided by Nancy Davis of the Carolina Vaccine Institute
(NC, USA). Full-length T7 transcripts were generated as described
previously and electroporated into Vero 81 cells (Davis et al, 2000).
Cells were plated into six-well plates. At 4 h post-electroporation, the
cells were starved for 1 h in cysteine/methionine-free medium (MP
Biomedicals). At 5 h post-electroporation, cells were metabolically
labelled with [*>SJmethionine/cysteine [100 uCi (3.7 MBq) per well,
Promix amino acid mixture; GE Healthcare] for 7 h. At the end of the
labelling period, the cells and medium were harvested to examine cell-
associated and secreted E protein. The medium was clarified by
centrifugation at 10 000 g for 10 min. Labelled cells were lysed in TNE
buffer [10 mM Tris/HCl (pH 7.4), 200 mM NaCl, 1 mM EDTA]
containing 1% (v/v) NP-40 and protease inhibitors. Cell-associated
and secreted E proteins were immunoprecipitated with 2 pg mAb
4G2 and protein A-Sepharose beads (Sigma). Purified proteins were
digested with the endoglycosidases described above, separated by
SDS-PAGE under reducing conditions and visualized using a
PhosphorImager or X-ray film.

RESULTS

Infection of DC-SIGN-expressing monocytes and
DCs by mosquito and mammalian cell-derived
DENV

Studies with some mosquito-borne viruses have demon-
strated that virions produced in insect cells infect DCs
better than virions produced in mammalian cells (Davis et
al., 2006b; Klimstra et al., 2003; Shabman et al., 2007). In
these studies, the superior infectivity of mosquito-derived
virus was linked to high-mannose N-linked glycans present
in mosquito but not mammalian cell-derived virus (Davis
et al., 2006a, b; Klimstra et al., 2003; Shabman et al., 2007,
2008). We performed experiments to determine whether
mosquito cell-derived DENV also infected monocytes and
DCs better than mammalian cell-derived virus.

Initial experiments were conducted with a human mono-
cytic cell line (U937) engineered to stably express human
DC-SIGN, a DENV attachment factor (Kraus et al., 2007).
Mosquito and mammalian cell-derived DENVs were used
to infect DC-SIGN-expressing U937 cells (Fig. 1a). Cells
were harvested at 24 h p.. following a single cycle of
replication. We determined the efficiency of infection by
measuring the percentage of cells expressing DENV E
protein. Both mosquito and mammalian cell-derived
viruses of all four DENV serotypes infected similar
numbers of cells (Fig. la). To determine whether this
phenotype was dependent on the amount of virus used to
infect cells or the time of testing, we performed dose—
response experiments and growth curves with DENV-2. At
all m.o.. tested, mosquito and mammalian cell-derived
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Fig. 1. Infection of human U937 cells expressing DC-SIGN by mosquito and mammalian cell-derived DENV. (a) DC-SIGN-
expressing U937 cells were infected with all four serotypes of DENV derived from insect cells (shaded bars) or mammalian cells
(filled bars). DENV-1 and DENV-4 were added at an m.o.i. of 0.001, whilst DENV-2 and DENV-3 were added at an m.o.i. of
0.01. (b) Mosquito-derived (grey squares) and mammalian-derived (black triangles) DENV-2 was added to U937 cells
expressing DC-SIGN at an m.o.i. of 0.001, 0.01, 0.05 or 0.1. (¢, d) DC-SIGN-expressing U937 cells were infected with
mosquito-derived (grey squares) or mammalian-derived (black triangles) DENV-2 at an m.o.i. of 0.01. At 12 h intervals for 48 h,
cells were harvested and stained for intracellular antigen (c) and supernatants were titrated to determine virus release (d). All
values represent the means £ SD of experiments performed in triplicate and are representative of one of two experiments. The
dotted horizontal line in (d) indicates the level of detection of our immunofocus titration assay.

DENV-2 infected similar percentages of cells (Fig. 1b).
Additionally, similar percentages of DC-SIGN-expressing
U937 cells were infected at all time points tested (Fig. 1c)
and similar amounts of virus were released into the
supernatant (Fig. 1d).

Interactions between DC-SIGN and its mannose ligand can
be inhibited by anti-DC-SIGN antibody, excess mannan or
EDTA treatment (Navarro-Sanchez et al, 2003;
Tassaneetrithep et al., 2003). To confirm that mosquito
and mammalian cell-derived DENV infection was DC-
SIGN dependent, we infected parental U937 cells and DC-
SIGN-expressing U937 cells in the presence of inhibitors
(Fig. 2a). As expected, the expression of DC-SIGN
enhanced DENV infection (Navarro-Sanchez et al., 2003;
Tassaneetrithep et al., 2003). Pre-incubation of cells with
DC-SIGN blocking antibody (100 pg ml~'), mannan
(20 pg ml™") or EDTA (5 mM) for 30 min reduced
infection of both mosquito and mammalian cell-derived
DENV (Fig. 2a). These studies indicated that mosquito and

mammalian cell-derived DENVs use DC-SIGN and infect
cells with similar efficiency.

Primary human myeloid DCs are susceptible to DENV
infection and are likely to be an important target during
natural infection (Ho et al., 2001; Marovich et al, 2001).
Experiments were carried out to compare infection of
these primary cells with mosquito and mammalian cell-
derived DENV. Myeloid DCs were obtained from three
different donors and infected with DENV at an m.o.i. of
0.05. Both mosquito and mammalian cell-derived viruses
infected similar proportions of primary DCs (Fig. 2b).
Moreover, DENV-2 infection of primary DCs was
reduced by DC-SIGN antibody, mannan and EDTA,
indicating that infection was dependent on DC-SIGN
(Fig. 2b). We concluded that, unlike some other
mosquito-borne viruses, insect and mammalian cell-
derived DENVs infect DC-SIGN-expressing cells with
similar efficiency (Davis et al, 2006b; Klimstra et al,
2003; Shabman et al., 2007).
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Fig. 2. Infection of primary human myeloid DCs and DC-SIGN-expressing monocytes by mosquito and mammalian cell-derived
DENV is dependent of DC-SIGN. DC-SIGN-expressing U937 cells (a) and DCs from three different donors (b) were infected
with mosquito-derived (shaded bars) or mammalian-derived (filled bars) DENV-2 at an m.o.i. of 0.05. Infections were carried out
in the presence or absence of anti-DC-SIGN antibody, mannan or EDTA. Cells were harvested at 24 h p.i. and infected cells
were detected by staining with an anti-E protein antibody followed by flow cytometry. Values represent the means£sb of
experiments performed in triplicate and are representative of one of three experiments.

Composition of N-linked glycans on DENV

The DENV E protein possesses two conserved, potential N-
linked glycosylation sites at N67 and N153 (Chambers et
al., 1990b; Smith & Wright, 1985). To determine why
mosquito cell-derived DENV did not have an advantage
infecting via DC-SIGN compared with mammalian cell-
derived virus, we compared the structures of the glycans
added to the E protein of DENV produced in the two cell
types. Purified DENV-2 and DENV-3 were treated with
PNGaseF or EndoH. PNGaseF removes all N-linked
glycans, whereas EndoH removes only N-linked sugars
containing more than three terminal mannose residues,
typically found in immature N-linked glycans (Maley et al.,
1989). Following treatment with PNGaseF, DENV grown
in Vero and C6/36 cells had an electrophoretic shift of
approximately 4 kDa, corresponding to the loss of two
glycans (Fig. 3, labelled ON) (Smith & Wright, 1985). When
the viruses were treated with EndoH, DENV-2 displayed
differing digestion patterns compared with DENV-1,
DENV-3 and DENV-4. The E protein produced in both
mosquito and mammalian cell-derived DENV-1, DENV-2
and DENV-4 exhibited an electrophoretic shift corres-
ponding to 2 kDa, indicating the presence of one high-
mannose, EndoH-sensitive glycan and another more
processed glycan that was EndoH-resistant (Fig. 3, labelled
IN). DENV-2 did not exhibit one distinct band when
digested with EndoH. Instead, there were three bands
corresponding to the E protein: one migrated with
undigested E protein (2N), one migrated with PNGaseF-

digested E protein (ON) and one migrated between the
undigested and deglycosylated E protein (1N) (Fig. 3).
These results indicated that the glycans on DENV-2 E
protein are heterogeneous. A significant portion of the E
protein had at least one EndoH-sensitive or high-mannose
glycan. Importantly, the digestion patterns exhibited by
mosquito and mammalian cell-derived DENV did not
differ. Thus, both cell types produced virus in which at
least one N-linked glycan on DENV was not fully processed
during virus egress from cells. The resulting high-mannose
glycan is probably responsible for the ability of both
mosquito and mammalian cell-derived virus to infect DC-
SIGN-expressing cells efficiently.

To characterize further the EndoH-resistant and -sensitive
N-linked glycans on DENV, we used two lectins with
defined specificity for terminal sugar residues in lectin
blotting assays — GNA and DSA (Fig. 4). GNA specifically
recognizes terminal mannose linked to mannose, whereas
DSA recognizes Gal(1-4)GIcNAc present in complex N-
linked glycans (Crowley et al., 1984; Shibuya et al., 1988).
In insect cells, both unprocessed (EndoH-sensitive) and
fully processed (EndoH-resistant) N-linked glycans should
contain terminal mannose residues, as insects do not have
Golgi enzymes for the addition of terminal sugars to
produce complex sugars (Jarvis, 2003). As expected, when
insect-derived DENV-2 was analysed by lectin blotting, the
E protein bound to GNA but not to DSA. GNA binding
was lost following treatment with PNGase, which removes
all N-linked glycans. The EndoH-resistant glycans bound
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Fig. 3. DENVs grown in both insect and mammalian cells have
high-mannose N-linked glycans. DENVs were grown in C6/36
(mosquito) and Vero 81 (mammalian) cells. Purified virus was
digested with PNGaseF (P), EndoH (E) or mock digested (U), and
the relative gel mobility of the E protein was determined by
Western blotting. Bands are labelled ON, 1N or 2N, corresponding
to the number of N-linked glycans on the E protein.

to GNA but not to DSA, confirming that they have a
paucimannose structure.

When DENV-2 E protein from mammalian-derived virus
was tested for lectin binding, both lectins bound to the E
protein, indicating that a high-mannose and a complex
glycan were present on the protein (Fig. 4). Following
EndoH treatment, GNA binding was lost whilst DSA
binding remained, confirming that the virus had a
heterogeneous population of both high-mannose and
complex glycans. The lectin-binding studies also confirmed
that, irrespective of host, DENV contains one high-
mannose N-linked glycan. The second glycan was a
complex sugar or a paucimannose sugar in virus derived
from mammals or mosquitoes, respectively.

Role of the E protein membrane anchor in
N-linked glycan processing

DENVs assemble on the ER membrane. Virions containing
a lipid envelope with prM and E proteins and a capsid with
the RNA genome bud into the lumen of the ER and the
virus particles are secreted out of the cell. E and prM
expressed without other viral proteins are secreted out of
cells as subviral particles that bud into the ER (Ferlenghi et
al., 2001). To determine whether membrane anchoring
and/or viral particle formation was responsible for
incomplete processing of DENV N-linked glycans, a
VEEV replicon particle protein expression system was used
to express prM with full-length E, and prM with just the

GNA DSA
U P E u P E
C6/36-derived
DENV-2
u P E

Vero-derived
DENV-2

i 8

Fig. 4. Mosquito-derived DENV has two terminal mannose sugars
whilst mammalian-derived DENV has only one. Purified DENV-2
produced in C6/36 and Vero cells was digested with PNGaseF
(P) or EndoH (E) or mock digested (U) and lectin blots were
performed. GNA is a lectin that recognizes terminal mannose
residues. Both mosquito and mammalian cell-derived DENV bound
to this lectin, indicating the presence of terminal mannose
residues. Following digestion with EndoH, only the mosquito-
derived virus bound to the lectin. These results are consistent with
the mammalian-derived virus having one EndoH-sensitive high-
mannose glycan and one EndoH-resistant complex glycan with no
terminal mannose residues. The results are also consistent with the
insect-derived virus having one EndoH-sensitive high-mannose
glycan and one EndoH-resistant paucimannose glycan with
terminal mannose residues. DSA is a lectin that recognizes
Gal(1-4)GlcNAc, which is found only in complex sugars. Only
the virus grown in Vero cells bound to this lectin.

ectodomain of E (prM/E85) (Davis et al., 2000). Full-
length E protein is secreted out of cells as a subviral
particle, whereas E85 is secreted as a soluble protein (White
et al., 2007). The constructs were expressed in Vero cells,
metabolically labelled with *>S, and the glycans on intra-
and extracellular E protein were characterized by glycosi-
dase digestion (Fig. 5). Full-length E and E85 had two
glycans added, as indicated by an electrophoretic shift of
4 kDa following PNGaseF digestion (Fig. 5). All intracel-
lular forms of E were sensitive to EndoH, indicating that
the majority of this protein was in the ER and had not
progressed through the Golgi (Fig. 5a). Full-length E
protein expressed with prM and secreted into the medium
as subviral particles exhibited an EndoH digestion pattern
identical to whole virus (Fig. 3) and consisted of a mixed
population of EndoH-resistant and -sensitive glycans. In
contrast, E85 expressed with prM was completely EndoH-
resistant following secretion from the cells, indicating that
both glycans were fully processed into complex sugars (Fig.
5b). These findings indicated that incomplete N-linked
glycan processing of DENV is a result of the membrane
anchor and/or secretion as a subviral particle.

DISCUSSION

In this study, we compared the ability of DENVs derived
from mosquito and mammalian cells to utilize DC-SIGN as
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Fig. 5. Role of the E protein membrane anchor in glycan
processing. DENV-2 full-length (prM/E) and soluble (prM/E85) E
protein were expressed in Vero cells using a VEEV replicon particle
expression vector. Vero cells were electroporated with the replicon
particle RNA and radiolabelled with [*®S]methionine/cysteine. E
protein was immunoprecipitated from cell lysates (a) and super-
natants (b), digested with PNGaseF (P) or EndoH (E) or mock
digested (U), and separated by SDS-PAGE. Intracellular forms of
the E protein (a) were completely sensitive to EndoH, indicating
that most of the protein had not proceeded beyond the ER. The
secreted full-length E protein (b, prM/E) was incompletely
processed and consisted of a mix of EndoH-resistant and
-sensitive glycans. In contrast, soluble E (b, prM/E85) was fully
processed and contained two glycans that were EndoH-resistant.

an attachment factor for infecting monocytic cells. Our
results demonstrated that viruses derived from both cell
types were equally effective at infecting DC-SIGN-expres-
sing human monocytes and DCs. We also characterized the
structure of N-linked glycans on DENVs grown in insect
and mammalian cells. Two N-linked glycans were added to
the E protein in both cell types. In virus derived from
mammalian cells, the N-linked glycans were a mix of high-
mannose sugars and complex sugars. The N-linked glycans
on mosquito-derived virus were a mix of high-mannose
sugars and paucimannose sugars. The carbohydrate
recognition domains of human DC-SIGN preferentially
interact with high-mannose glycans when compared with
single mannoses and complex carbohydrates (Feinberg et
al., 2001; Mitchell et al, 2001). We propose that the
presence of unprocessed, high-mannose sugars in both
mosquito and mammalian cell-derived virus is responsible
for the ability of these viruses to infect DC-SIGN-
expressing cells with similar efficiency. We chose Vero
cells as a representative cell line to produce DENV as it is
commonly used in vaccine studies to grow virus (reviewed
by Whitehead et al., 2007). DENV produced in other
mammalian cell types can also infect DC-SIGN-expressing
U937 cells, including virus produced in human monocytic
cells (data not shown).

Previous studies with alphaviruses and WNV have
demonstrated that mosquito cell-derived virus infects

DC-SIGN-expressing cells better than mammalian cell-
derived virus (Davis et al, 2006b; Klimstra et al., 2003;
Shabman et al, 2007). The superior infectivity of
mosquito-derived virus was attributed to the presence of
terminal high-mannose glycans in mosquito cell- but not
in mammalian cell-derived virus. Our results demonstrated
that this phenomenon cannot be generalized to DENV as
both mosquito and mammalian cell-derived viruses had
incompletely processed, high-mannose glycans and were
able to infect DC-SIGN-bearing cells efficiently. In studies
with alphaviruses and WNV, the superior infectivity of
mosquito cell-derived virus has also been attributed to the
ability of mosquito cell- but not mammalian cell-grown
virus to suppress type I interferon responses (Shabman et
al., 2007; Silva et al., 2007). The mechanism by which
mosquito cell-derived virus suppresses this innate immune
response is currently unknown. Confirming previous
reports, we were unable to detect type I interferon by
bioassay in either our mosquito or our mammalian DENV-
infected cultures at 24 h p.i. (data not shown) (Chen &
Wang, 2002; Palmer et al., 2005; Sun et al., 2009). Further
studies are needed to explore whether mosquito and
mammalian cell-derived DENVs differ in their ability to
suppress host innate antiviral responses.

Previous studies have come to different conclusions about
the number and structure of N-linked glycans on the
DENV E protein. Smith & Wright (1985) reported that
DENV-2 E protein had two N-linked glycans and that the
glycans were heterogeneous in structure. Johnson et al.
(1994) confirmed the addition of two glycans in DENV-1,
but found only a single glycan in DENV-2. Moreover, they
concluded that the sugars were high mannose due to the
binding of ConA. More recently, the structure of glycans
has been characterized for recombinant soluble E protein
expressed in insect, human and rodent cell lines: both
glycans were EndoH-resistant, indicating heavy glycan
processing (Lozach et al., 2005; Miller et al., 2008; Modis et
al., 2003, 2005). Here, we compared the number of glycans
in multiple isolates of DENV belonging to all four
serotypes and observed the presence of two glycans in all
but one case (Fig. 3 and data not shown). Thus, we propose
that two N-linked glycans is the norm for the DENV E
protein. We also observed a mix of fully processed
(paucimannose or complex) and unprocessed (high-
mannose) N-linked glycans for all four serotypes grown
in both mosquito and mammalian cells. The presence of
high-mannose and complex glycans on mammalian cell-
derived virus is not unique to DENV (Leonard et al., 1990).
We conclude that incomplete glycan processing is a general
feature of DENVs, resulting in terminal high-mannose N-
linked glycans being a part of the virion, irrespective of the
host cells used to propagate virus.

Two recent papers have examined the phenotype of mutant
DENVs and demonstrated that the glycan at N153 is not
necessary for virus production and spread in mosquito or
mammalian cells (Bryant et al, 2007; Mondotte et al.,
2007). These studies demonstrated that N67 is essential for
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virus spread in mammalian cells, which is consistent with a
role for this glycan in binding to host-cell receptors and in
other steps of the viral life cycle. N67 was not required for the
production of infectious virus from mosquitoes or mosquito
cells, indicating a non-essential role for N67 in the vector
(Bryant et al., 2007; Mondotte et al., 2007). In the current
study, we did not determine the location of the unprocessed
and processed N-linked glycans. We predict that the
processed complex (mammalian-derived virus) or pauci-
mannose (insect-derived virus) glycan is at position N153, as
the WNV glycan at the corresponding position is processed
to an EndoH-resistant form (Hanna et al, 2005).
Consequently, the second potential glycosylation site at
N67 is likely to contain the unprocessed, high-mannose
glycan we observed in DENV virions. This location is
consistent with published data indicating that this glycan
binds to DC-SIGN (Mondotte et al., 2007; Pokidysheva et al.,
2006). A glycan at N67 is present in DENV but not in other
flaviviruses. However, when an N-linked glycan was
artificially added to this position of WNV reporter particles,
the glycan was unprocessed (high mannose) and mediated
infection of DC-SIGN-expressing cells (Davis et al., 2006a).

When expressing recombinant DENV E proteins, we
observed incomplete processing of N-linked glycans only
when the protein was membrane anchored. In E protein
secreted from cells expressing DENV E ectodomain, both
glycans were in a processed, EndoH-resistant form. In
contrast, when full-length E protein, which is membrane
anchored, was expressed, the secreted protein had an
EndoH digestion pattern identical to virus, with some E
proteins containing EndoH-sensitive, high-mannose gly-
cans. Membrane-anchored E protein and prM bud into the
ER to form subviral particles that are secreted out of cells
(Ferlenghi et al., 2001). We speculate that the membrane
anchoring of these proteins may alter glycosidase proces-
sing of N67 by placing structural constraints on cellular
glycosidases, thereby limiting processing. When E protein
is produced as a soluble form, as in the prM/E85 VEEV
constructs, the protein passes through the host ER and
Golgi as monomers or dimers that may be associated with
prM (Lorenz et al., 2002). In this context, the glycans are
probably readily accessible by host glycosidases. Previous
work with Sindbis virus has shown that the ability of host
glycosidases to access specific locations determines the
structure of E protein glycans (Hubbard, 1988). Our results
have implications for the interpretation of DENV E protein
crystal structures. The structures that have been solved for
the E protein to date are based on recombinant, soluble E
protein secreted from Drosophila cells (Modis et al., 2003,
2005). We demonstrated that glycans on the virion are
processed differently by ER and Golgi enzymes compared
with glycans on soluble recombinant proteins. If glycan
structure is important for dimer formation or protein
folding, the E protein structures based on the secreted E
ectodomain may be misleading.

Our results demonstrated that the heavily processed N-
linked glycan (most probably at N153) has a different

structure in mosquito (paucimannose, with terminal
mannose) and mammalian (complex, with no terminal
mannose) cells. The differences between these structures
may influence receptor interactions. Davis et al. (2006a, b)
showed that E protein N154 of WNV, which corresponds
to N153 of DENV, can mediate infection via the related
receptor DC-SIGNR. DC-SIGNR recognizes both high-
mannose and complex glycans. The recognition of complex
glycans is mediated by binding to terminal N-acetylgluco-
samine (Davis et al., 2006a). DENV infection of myeloid
cells can also be mediated by mannose receptor, which
specifically recognizes glycans terminating in mannose,
fucose and N-acetylglucosamine (Miller et al., 2008).
LSECtin (liver and lymph node sinusoidal endothelial cell
C-type lectin) can act as an attachment factor for viruses
such as filoviruses and severe acute respiratory syndrome
coronavirus (Gramberg et al, 2005). Although the
specificity of LSECtin is not known, mannan cannot
inhibit binding to filovirus glycoproteins, suggesting that it
does not recognize high- or terminal-mannose glycans
(Gramberg et al., 2005). As mammalian and mosquito cell-
derived DENVs contain different glycans at N153, and
because DC-SIGNR, LSECtin and the mannose receptor
differentially recognize these glycans, there may be cell
types expressing these lectins that are differentially infected
by mosquito and mammalian cell-derived DENVs.
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