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We generated in the mosquito cell line C6/36 a dengue virus (DENV) resistant to Hippeastrum hybrid
agglutinin (HHA), a carbohydrate-binding agent (CBA). The genotype and phenotype were characterized
of the HHA resistant (HHA™*) DENV compared to the wild-type (WT) DENV. Sequencing the structural
proteins of HHA™® resulted in two mutations, N67D and T155], indicating a deletion of both N-glycosyl-
ation sites on the viral envelope E-glycoprotein. The HHA™ DENV could replicate in mammalian and
mosquito cells that are lacking dendritic cell-specific intercellular adhesion molecule 3-grabbing non-
integrin (DC-SIGN) expression. In contrast, DC-SIGN expressing human cells namely monocyte-derived
dendritic cells as well as DC-SIGN-transfected cells were no longer susceptible to HHA™ DENV. This dem-
onstrates a crucial role of the N-glycans in the E-glycoprotein in the infection of dendritic cells, which
constitute primary target cells of DENV during viral pathogenesis in the human body.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dengue virus (DENV) is one of the most important emerging
mosquito-borne viruses in tropical and subtropical countries. Fol-
lowing the bite of an infected mosquito, immature dendritic cells
(DC) in the skin are believed to be the first target cells during DENV
infection (Wu et al.,, 2000). Dendritic cell-specific intercellular
adhesion molecule 3-grabbing non-integrin (DC-SIGN), a trans-
membrane calcium-dependent carbohydrate-binding receptor, is
present on DC and can interact with the envelope proteins of sev-
eral viruses such as human immunodeficiency virus (HIV) gp120
(Geijtenbeek et al., 2000) and DENV E-glycoprotein (Navarro-
Sanchez et al., 2003; Tassaneetrithep et al., 2003; Lozach et al.,
2005; Pokidysheva et al., 2006; Alen et al., 2009).

Previously, we demonstrated that DC-SIGN expression renders
cells sensitive for DENV infection (Alen et al., 2009). DC-SIGN
might be an important target for antiviral therapy, because it plays
an initial role in virus transmission and infection. The DC-SIGN
related receptor, L-SIGN, can also interact efficiently with DENV.
L-SIGN is mainly expressed by endothelial liver cells which are also
an important target for DENV (Seneviratne et al., 2006; Zellweger
et al.,, 2010). Recently, carbohydrate-binding agents (CBAs) isolated
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from plants, i.e., Hippeastrum hybrid (HHA), Galanthus nivalis (GNA)
and Urtica dioica agglutinin (UDA), have been shown to inhibit the
interaction between HIV and DC-SIGN expressing cells (Balzarini
et al., 2007). HHA, GNA and UDA were also found to dose-depen-
dently inhibit the interaction between all four serotypes of DENV
and DC-SIGN in Raji/DC-SIGN* cells and in monocyte-derived DC
(MDDC) (Alen et al., 2009, 2011). Binding assays revealed that
the CBAs do not interact with cellular membrane proteins such
as DC-SIGN, but that they interact directly with the glycosylated
envelope proteins of DENV, preventing the binding of DENV to
DC-SIGN and subsequently preventing viral entry and infection
(Alen et al., 2011). Here, we characterized the molecular target epi-
tope of the CBAs by the generation of a HHA-resistant (HHA™)
DENV in mosquito cells by gradually increasing the concentration
of HHA. We further characterized the mutant virus phenotypically
and genotypically by respectively plaque formation and sequence
analysis. We sequenced the viral genome encompassing the struc-
tural core (C), pre-membrane (prM) and envelope (E) proteins of
DENV. The M-protein is expressed as a glycosylated precursor
prM (~165 amino acids) which is attached to the E-protein until
the viral particle is maturated. It is assumed that the prM protein
assists in the folding and the trafficking of the E-protein during vir-
al particle synthesis. After cleavage of the pr peptide, mature viri-
ons are formed and secreted together with the pr peptide
(Rodenhuis-Zybert et al., 2010). The E-protein (~495 amino acids)
is important in receptor binding and the induction of an immune
response. The E-protein has two potential glycosylation sites:
asparagines 67 (Asn67) and Asn153. Glycosylation at Asn153 is
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conserved in flaviviruses, with the exception of Kunjin virus
(Scherret et al., 2001) and is located near the fusion peptide in do-
main Il (Rey et al., 1995; Modis et al., 2003). Glycosylation at Asn67
is unique for DENV (Rey et al., 1995). Generally, the function of
glycosylation of surface proteins is proper folding of the protein,
trafficking in the endoplasmic reticulum, interaction with recep-
tors and influencing virus immunogenicity (Vigerust and Shep-
herd,2007). We used the HHA™® DENV to elucidate the antiviral
target (i.e., glycans on DENV E-glycoprotein) of several novel DENV
entry inhibitors.

2. Materials and methods
2.1. Cell lines

All cell cultures were maintained at 37 °C in a humidified,
CO,-controlled atmosphere, except for C6/36 mosquito cells
(isolated from Aedes albopictus; ATCC CRL-1660), which were
maintained at 28 °C in the absence of CO,. C6/36 cells were grown
in Minimum Eagle’s Medium (MEM) (Invitrogen, Merelbeke, Bel-
gium) supplemented with 10% fetal bovine serum (FBS) (Hyclone,
Perbio Science, Aalst, Belgium), 0.01 M HEPES buffer (Invitrogen),
non-essential amino acids (Invitrogen), 2 mM L-glutamine (Invitro-
gen), 100 units/ml penicillin and 100 units/ml streptomycin (Invit-
rogen). Raji/DC-SIGN" cells were constructed by Geijtenbeek et al.
(2000) and were kindly provided by Dr. L. Burleigh (Pasteur Insti-
tute, Paris, France). The plasmid containing L-SIGN cDNA was a
kind gift of Dr. Stefan P6hlmann (Institute for Clinical and Molecu-
lar Virology, Erlangen, Germany) (P6hlmann et al., 2001) and were
used for transfection experiments with L-SIGN cDNA to generate
stable cell lines expressing the L-SIGN receptor. Raji/L-SIGN" cells
were constructed using Amaxa Nucleofection electroporation sys-
tem (Lonza, Cologne, Germany). Raji/0 and Raji/DC-SIGN* cell lines
were cultivated in RPMI-1640 medium supplemented with 10%
FBS and 2 mM t-glutamine and if L-SIGN was expressed 0.2 pg/
ml geneticin was added. African green monkey kidney cells (Vero
cells; ATCC CCL-81) were grown in MEM (Invitrogen,) supple-
mented with 10% FBS, 2 mM L-glutamine and 0.075% sodium bicar-
bonate (Invitrogen). Human hepatoma cells (Huh-7), kindly
provided by Dr. R. Bartenschlager, and baby hamster kidney cells
(BHK-21 cells; ATCC CCL-10) were grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% FBS and 0.01 M
HEPES buffer.

2.2. Isolation and differentiation of MDDC from human PBMCs

MDDC were isolated as described previously (Alen et al., 2011).
Briefly, buffy coat preparations from healthy donors were obtained
from the Blood Bank in Leuven, Belgium. Human peripheral blood
mononuclear cells (PBMCs) were first isolated by density gradient
centrifugation over Lymphoprep (Nycomed, Oslo, Norway). PBMCs
were gently rotated at 4 °C to form aggregates of monocytes. After
sedimentation of the monocytes, the pellet was grown in RPMI cul-
ture medium supplemented with or without 25 ng/ml IL-4 and
50 ng/ml GM-CSF (Peprotech, London, United Kingdom). After
5 days, IL-4 and GM-CSF differentiated monocytes into immature
MDDC as analyzed by various cellular markers, such as DC-SIGN,
mannose receptor, CD1a, CD11b, CD14, CD40, CD80, CD83 and
CD86 by flow cytometry (Alen et al., 2011).

2.3. Viruses and selection of HHA-resistant virus

Dengue virus (DENV) serotype 2 laboratory-adapted New
Guinea C (NGC) strain was kindly provided by Dr. V. Deubel
(formerly Institut Pasteur, Lyon, France). DENV wild-type (WT)

was propagated in C6/36 cells. Supernatant containing virus was
harvested 5 days post infection and stored at —80 °C.

HHA-resistant DENV-2 (HHA™®) was generated in one HHA
selection experiment by passaging a 1-20 dilution of the superna-
tant of HHA-exposed DENV-infected C6/36 mosquito cells (2 x 10°
cells) every 3-4 days to fresh uninfected cells in the presence of
gradually increasing concentrations of HHA. The drug resistance
selection schedule is depicted in Fig. 1. After 14 passages
(~7 weeks of cell culture), virus was recovered that could replicate
in the presence of 400 nM of HHA, that is at a concentration ~10-
fold higher than the ECs for inhibition of DENV-2 replication in C6/
36 cells. Titer of WT and HHA™ DENV was determined in a plaque
assay using BHK-21 cells.

2.4. Plaque assay

Five 10- or 5-fold serial dilutions were made of WT and HHA™®
DENV respectively, into 6-well plates containing a confluent mono-
layer of BHK-21 cells. Following an incubation of 4 h, the cells were
washed 3 times with culture medium and overlaid with a solution
containing 0.5% Avicel® (Matrosovich et al., 2006) and medium,
supplemented with 2% FBS and 0.01 M HEPES buffer in a ratio
1:1. Avicel restricts the spread of virus in cell culture. After one
week of culture, the cells were washed with PBS, fixed with 70%
ethanol and stained with 1% methylene blue solution to visualize
the plaques. Plaques were counted to determine the number of
plaque forming units per milliliter supernatant (PFU/ml).

2.5. Test compounds

The mannose-specific plant lectins from Hippeastrum hybrid
(HHA) (50 kDa), G. nivalis (GNA) (50 kDa) and the N-acetylglucosa-
mine (GlcNAc)-specific plant lectin from U. dioica (UDA) (8.7 kDa)
were derived and purified from these plants as described previ-
ously (Van Damme et al, 1987,1991). Pradimicin-S (PRM-S,
910 Da) was isolated from Actinomadura sp. TP-A0020 as described
previously (Saitoh et al., 1993). Ribavirin (Virazole; RBV, 244 Da)
was purchased from ICN Pharmaceuticals (Costa Mesa, CA). The
doxorubicin derivate SA-17 (653 Da) was synthesized and kindly
provided by Dr. F. Sztaricskai (Sztaricskai et al., 2005).

2.6. Population sequencing of HHA™ DENV

The genotype of the HHA™ DENV-2 was determined by
sequencing ~3000 nucleotides of the viral genome encompassing
the structural core (C), pre-membrane (prM) and envelope (E) pro-
teins as described previously (Christenbury et al., 2010). Viral RNA
was extracted from supernatants according to the manufacturer’s
instructions (Nucleospin RNA Virus Kit, Macherey-Nagel, Diiren,
Germany), reverse transcribed using SuperScript Il Reverse Trans-
criptase (Invitrogen) and amplified using the KAPA HiFi HotStart
PCR ReadyMix (KAPA Biosystems, Eke, Belgium) and primers
#491 and #524 (Table 1). First strand cDNA synthesis was per-
formed at 55 °C for 60 min and subsequent amplification according
a PCR profile of 5 min at 95 °C for initial activation, followed by
30 cycles of 20s at 98 °C, 15 s at 65 °C and 90 s at 72 °C each plus
a final elongation of 10 min at 72 °C after cycling. Amplification
products were gel-purified (Qiagen, Venlo, The Netherlands) and
sequenced using a set of nested primers listed in Table 1 and the
BigDye Terminator sequencing system (Applied Biosystems, Nieu-
werkerk aan den IJssel, The Netherlands). The sequences were
compared with WT DENV-2 passaged in parallel in the absence
of drug pressure.
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Fig. 1. Selection pathway for HHA resistant DENV-2 in mosquito C6/36 cells. The concentration of HHA was gradually increased during subcultivations. Every 3-4 days,
subcultivation was performed by transferring a 1-20 dilution of the supernatant of HHA-exposed DENV-infected C6/36 cells to uninfected mosquito cells. At passage 14
(arrow), the virus was then collected and sequenced by population and clonal sequence analysis. Population sequence of HHA™* DENV revealed two mutations; N67D and
T1551 compared to the WT virus which was cultured in parallel for 14 passages in the absence of HHA. Clonal sequence of 5 WT and 18 HHA™ DENV clones revealed one or

two mutations, in Asn67 and/or in Asn153 (n = number of clones sequenced).

Table 1

Primers for the amplification and sequencing of the structural proteins of DENV-2.

Orientation Nucleotide position 5'-3’ sequence
#491 Sense 1 GATGAGGGAAGATGGGGAGTTGTTAGTCTACGTGGAC
#492 Sense 1669 GCGAAGAAACAGGATGTTGTTG
#493 Sense 2182 GGTGACACAGCCTGGGATTT
#524 Antisense 2980 CCGCTGACATGAGTTTTGAGTC
#530 Antisense 1250 CATCCATTTCCCCATCCTCT
#531 Antisense 1763 TTTCCTGATGACATYTGGATTTC
#809 Sense 871 GGAACGACACATTTCCAAAGAG
#810 Antisense 1613 CACAAGGATCAAATTGGATACAG

2.7. Clonal sequencing of HHA™ DENV

For clonal sequencing, the gel-purified RT-PCR products (see
above) were inserted into pJet1.2 (Clonejet Blunt-End Cloning Sys-
tem, Fermentas) and transformed in Escherichia coli top 10 cells
(Invitrogen). 18 clones for HHA™® DENV and 5 clones for WT DENV
were randomly selected and the respective plasmid DNA was se-
quenced with the DENV-2 specific primers #809 and #810 (Ta-
ble 5.1). Sequence variation was assessed after multiple sequence
alignments by the Vector NTI® software (Life Technologies, Mere-
Ibeke, Belgium).

2.8. Antiviral assays

A variety of cell types (Vero, BHK-21, Huh-7, Raji/DC-SIGN®,
Raji/L-SIGN" and MDDC)were seeded in a flat-bottom polystyrene
24 well-tray (Iwaki, International Medical Products, Belgium) and
infected with WT or HHA'™® DENV in the presence or absence of
compound under the following conditions: 0.2 x 10® Vero cells/
well were infected at a MOI of 0.005; 0.15 x 10° BHK-21 cells/well
were infected at a MOI of 0.006; 0.05 x 10° Huh-7 cells/well were
infected at a MOI of 0.02; 0.5 x 10° Raji/DC-SIGN* and Raji/L-SIGN*
cells/well were infected at a MOI of 0.002; 1 x 10° MDDC/well
were infected at a MOI of 0.0005. 2 x 10° C6/36 cells were seeded
in T12.5 culture flasks (Falcon Becton Dickinson, Erembodegem,
Belgium) and were infected at a MOI of 0.001 of WT or HHA™®
DENV. After 4 h, the cells were washed twice with medium to re-
move excessive virus and compound and were further incubated
at 37 °C in fresh culture medium. RBV and SA-17 were added again
after the washing step to ensure antiviral activity of the com-
pounds. Prior to infection, SA-17 was pre-incubated with the virus
for 30 min at 37 °C (Kaptein et al., 2010). DENV infection was ana-
lyzed by flow cytometry, RT-qPCR and/or by confocal microscopy.

2.9. Flow cytometry analysis

Infection was quantified by means of (intracellular) flow cytom-
etry as described previously (Alen et al., 2011). Viral infection was

analyzed in Vero cells 7 days post infection, in BHK-21, Huh-7,
C6/36, Raji/DC-SIGN* and Raji/L-SIGN" cells 4 days post infection
and in MDDC 2 days post infection, because at these time points
viral infection was optimal detected. Raji/DC-SIGN" and Raji/L-
SIGN* cells were collected, washed with PBS supplemented with
2% FBS and stained with 5 pg/ml monoclonal anti-dengue virus
antibody, recognizing the pre-membrane (prM) protein of all DENV
serotypes (clone 2H2, Chemicon International/Millipore, Billerica,
MA). After an incubation period of 30 min at room temperature,
cells were washed with PBS and incubated with secondary PE-
conjugated goat F(ab’), anti-mouse antibody (1 pg/ml, Caltag
Invitrogen Carlsbad, CA, USA) for 30 min at room temperature.
Finally, the cells were washed with PBS and fixed with 1%
formaldehyde.

Huh-7, BHK-21, Vero, C6/36 and MDDC were collected, washed
with PBS, fixed and permeabilized using the Cytofix/Cytoperm Kit
(BD Biosciences) according to the manufacturer’s instructions.
Cells were fixed and permeabilized with Cytofix/Cytoperm buffer
at 4 °C for 20 min. After washing the cells with perm/wash buffer
the permeabilized cells were incubated with 5 pig/ml anti-DENV
mAb (clone 2H2) for 30 min at 4 °C. Following a washing step,
the secondary PE-conjugated goat F(ab’), anti-mouse Ab (Caltag
Invitrogen) was added and incubated at 4°C. As a control for
unspecific background staining, cells were stained in parallel with
secondary antibody only. The cells were then washed and analyzed
by flow cytometry with a FACSCalibur (BD Biosciences, San Jose,
CA). Data were acquired and analyzed with CellQuest software
(BD Biosciences). The mean fluorescence of intensity (MFI) of the
background staining was subtracted from the MFI of each sample
to obtain the exact percentage of DENV-infected cells.

2.10. RNA extraction and RT-qPCR

Viral RNA was purified from the supernatant and quantified
by RT-qPCR. Total RNA was extracted from 150 ul cell culture
supernatant using the Nucleospin RNA Virus Kit according to the
manufacturer’s instructions (Macherey-Nagel, Diiren, Germany).
RT-qPCR was performed as described previously (Alen et al.,
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2009). Briefly, the sequences of the forward (5'-TCGGAGCCGGAGT
TTACAAA-3' position 4628-4647) and reverse (5-TCTTAACG
TCCGCCATGAT-3', position 4722-4741) Tagman primers were
selected from non-structural gene 3 (NS3) of DENV NGC using
Primer Express software (version 2.0, Applied Biosystems, Lennik,
Belgium). The probe was selected between the primers and is
fluorescently labeled with 6-carboxyfluorescein (FAM) at the 5’
end as the reporter dye and with a quencher at the 3’ end. The
quencher is a minor groove binder (MGB) (5-FAM-ATT-
CCACACAATGTGGCA-MGB-3/, position 4656-4674). The nucleotide
sequence and position of the primers and probes were obtained
from the nucleotide sequence of DENV 2 NGC (GenBank accession
No. M29095) (Irie et al., 1989). One step RT-qPCR was performed in
a 25 pl reaction mixture containing 12.5 pl One-Step Reverse
Transcriptase qPCR Master Mix (Eurogentec, Seraing, Belgium),
900 nM forward primer, 900 nM reverse primer, 200 nM probe
and 100 ng sample RNA. RT-qPCR was performed under the follow-
ing conditions: reverse transcription at 48 °C for 30 min, initial
denaturation at 95 °C for 10 min, followed by 40 cycles of denatur-
ation at 95 °C for 15 s, annealing and extension at 60 °C for 1 min.
RT-qPCR was performed using the ABI 7500 Fast Real-Time PCR
System (Applied Biosystems) and data were analyzed with ABI
PRISM 7500 SDS software (version 1.3.1, Applied Biosystems).
Standard curves were made of dengue virus plasmid with known
concentrations to calculate the absolute quantification of infection.

2.11. Confocal microscopy

Huh-7 cells and Vero cells were infected with WT and HHA™®
DENV and viral infection was visualized by confocal microscopy
at respectively 4 and 7 days post infection. Cells were washed, fix-
ated and incubated with anti-DENV antibodies as previously de-
scribed (Alen et al., 2011). Briefly, cells were fixed with 3.7%
formaldehyde for 15 min at room temperature and permeabilized
with 0.1% Triton X-100 for 10 min at room temperature. After sev-
eral washing steps, cells were incubated with 2% bovine serum
albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) in PBS. Next,
cells were stained with anti-DENV mAb (clone 2H2) followed by
incubation with a secondary antibody goat-anti-mouse IgG Alexa
fluor 488 (Invitrogen). The cover slips were mounted with prolong
gold anti-fade reagent and DAPI (Invitrogen) to stain the nucleus
and incubated at 4 °C until the cells were processed for micro-
scopic analysis. Images were collected with a Leica TCS SP5 laser
scanning confocal microscope (Leica Microsystems, Mannheim,
Germany) equipped with an AOBS, using a HCX PL APO 63.0x
(NA:1.40) oil immersion lens. The different fluorochromes were
detected sequentially using excitation lines of 405 nm (DAPI) and
488 nm (Alexa fluor 488). Emission was detected between 410-
475 nm and 493-575 nm respectively.

2.12. Statistical analysis

Statistical analysis performed on the results included the calcu-
lation of the mean, standard error of the mean (SEM) and p-values
by use of a two-tailed Student’s t test. The significance level was set
at p < 0.05. Statistical analysis was performed with GraphPad Prism
statistical software (GraphPad Software, Inc., San Diego, CA).

3. Results
3.1. Selection of HHA™ DENV
To identify the specific molecular target epitopes of the CBAs on

the DENV serotype 2 (DENV-2) envelope, we selected virus vari-
ants resistant to HHA in one selection experiment in the mosquito

cell line C6/36. We choose for the C6/36 cells for the selection of
the resistant virus because this cell line is highly permissive for
DENV infection and is therefore commonly used to grow DENV
stocks (Gubler,1998). HHA™ DENV was generated by adding a 1-
20 dilution of the supernatant of HHA-exposed DENV-infected
C6/36 mosquito cells every 3-4 days to fresh uninfected cells in
the presence of gradually increasing concentrations of HHA. The
drug resistance selection schedule is depicted in Fig. 1. After 14
passages (~7 weeks of cell culture), virus was recovered that rep-
licated in the presence of 400 nM of HHA, that is at a concentration
~10-fold higher than the ECsq for inhibition of DENV-2 replication
in C6/36 cells. At several passages (3, 6, 10, 14) the supernatant of
the HHA-exposed DENV infected cells was analyzed for viral repli-
cation in Huh-7 cells by flow cytometry as described (Alen et al.,
2009).

3.2. Genotypic analysis of HHA™ DENV

Two unique mutations were identified in the E-protein of the
resistant virus analyzing the viral population after 14 passages:
N67D and T155I (Fig. 1). No mutations were observed in the other
structural proteins: the core protein or in the prM protein. The E
protein of most flaviviruses contains at least one N-glycosylation
motif ;53N-D-T;55 (amino acid positions given as in the E-protein
of DENV-2 NGC strain) and in the case of the four DENV serotypes
also a second N-glycosylation motif g;N-T-Tgg (Bryant et al., 2007).
The two mutations N67D and T155I observed are not compatible
with the N-glycosylation sequence N-X-T/S (Ploegh and Neefjes,
1990) necessary to glycosylate the N in N-X-T/S. Thus, the observed
mutations can be considered to result in the deletion of both N-gly-
cans in the DENV E-glycoprotein. Clonal sequence analysis of
HHA™® DENV revealed that in 80% (n = 14/18) of all HHA™® DENV
clones (n=18) sequenced both mutations, N67D and T155I were
present. Two other mutations were identified in another two
clones resulting in the deletion of the N-glycan on Asn67, namely
T69I and T69A (each formally 5% (n=1/18) of all HHA™ DENV
clones). These clones also carried the second already observed
mutation T1551. There were also clones with only one mutation
either N153D or T155I resulting in a virus with one N-glycan dele-
tion only on Asn153 (Fig. 1). None of the WT DENV clones (n =5)
derived from the control virus cell culture passaged in parallel dis-
played any mutations.

3.3. Phenotypic analysis of HHA™ DENV

Viral fitness of WT and HHA"® DENV were compared. First, we
investigated the plaque phenotype in BHK-21 cell cultures of the
mutant DENV and observed a smaller plaque phenotype for HHA™®
DENV compared to the WT DENV (Fig. 2A). Next, Vero cells were
infected with WT and HHA™ DENV at a MOI of 0.005. After 4 h
of incubation, the input virus was removed and cells were washed
twice with culture medium. The amount of viral RNA was quanti-
fied in the supernatants at different time points after infection. As
shown in Fig. 2B, both WT and HHA'™® DENV could replicate effi-
ciently in Vero cells. Though HHA™ DENV showed a slightly slower
growth relative to the WT DENV (i.e., an about 5-fold reduction) in
Vero cells. Comparable data were obtained in BHK-21 cells (data
not shown).

Third, a variety of cell types, mammalian and insect cells, were
infected with WT and HHA™® DENV and the amount of infected
cells was analyzed by flow cytometry using an anti-DENV antibody
recognizing the prM protein of all serotypes of DENV (Fig. 3A). Viral
replication and secretion seemed to be similarly efficient for WT
and HHA™ DENV in Vero cells, as DENV Ag expression was de-
tected equally strong for both viruses in Vero cells. Moreover,
HHA™® DENV infected markedly more C6/36 cells if compared to
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Fig. 2. (A) Plaque phenotype of WT and HHA™® DENV-2 was determined in BHK-21 cells 5 days post infection. (B) Viral replication efficiency of WT and HHA™® DENV-2 was
evaluated time-dependently in Vero cells. Vero cells were infected at a MOI of 0.005. At the indicated time points, supernatants were collected and extracellular virus titers
were determined by RT-qPCR. Data shown represent the mean + SEM from 2 independent experiments performed in triplicate.

the WT DENV (Fig. 3A). In contrast, the mutant HHA"® DENV was
only partially reduced in its capacity to replicate in hamster
BHK-21 cells and human hepatoma (Huh-7) cells. Here at least
40% of the cells were infected by HHA™® DENV after 4 days as ana-
lyzed by flow cytometry (Fig. 3A). In summary, HHA™ DENV
turned out to be if at all, only slightly reduced in its infectivity
for a variety of mammalian and mosquito cells lacking DC-SIGN
expression.

Remarkably, in contrast to WT DENV, HHA™* DENV was not able
to efficiently infect DC-SIGN™ cells or cells that express the DC-
SIGN-related liver-specific receptor L-SIGN (Fig. 3A). In addition,
MDDC were also not susceptible for HHA™ DENV infection,
corroborating the importance of the DC-SIGN-mediated DENV
infection in MDDC.

Viral infection and replication of both WT and HHA"™® DENV was
confirmed by immunofluorescent microscopy monitoring the
expression of DENV antigens in the cytosol of infected Huh-7 and
Vero cells (Fig. 3B).

All together, these data indicate an efficient infection and pro-
duction of infectious progeny of HHA™* DENV, lacking both glyco-
sylation sites, in mammalian and insect cell lines with the
considerable exception of DC-SIGN™ cells.

A100-

3.4. Cross-resistance profile of HHA™ DENV

The antiviral activity of several CBAs was investigated against
the HHA™ and WT DENV in Huh-7 cells. Evaluation of the antiviral
activity may be more relevant in human liver cells than in hamster
(BHK-21) or monkey kidney cells (Vero) as the liver is considered
to be an important target organ of DENV (Zellweger et al., 2010)
and HHA™ DENV can replicate in this cell line (Fig. 3A). Huh-7 cells
were infected with WT and HHA'™® DENV in the absence or pres-
ence of different compounds. At four days post infection, the
amount of infected cells was quantified by anti-DENV mAb clone
2H2 and by means of flow cytometry. Concentrations as high as
50-fold the ECso of HHA against WT DENV did not inhibit HHA™®
DENV entry in Huh-7 cells (Fig. 4 and Table 2).

HHA™ DENV was cross-resistant against the GNA lectin that as
HHA recognizes o-1,3 mannose residues. UDA, which recognizes
primarily the N-acetylglucosamine residues of N-glycans, also
lacked antiviral activity against HHA™® DENV in Huh-7 cells. This
indicates that the entire backbone of the N-glycan is deleted in line
with the mutational pattern observed in the mutant E-proteins.
Likewise, pradimicin-S (PRM-S), a small-size o-1,2-mannose-spe-
cific CBA, was also unable to inhibit HHA™* DENV. This demonstrates
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Fig. 3. Phenotypic analysis of HHA™® DENV-2 compared to WT DENV-2. (A) Various cell types were each infected at the same MOI of WT and HHA"™ DENV. Infection was
quantified by means of flow cytometry, using an anti-DENV antibody recognizing prM protein, clone 2H2. Mean % of infected cells + SEM is shown for 2 independent
experiments of duplicates. p-values were determined by a Students t test. Significance comparing WT and HHA™® DENV: *p < 0.05; **p < 0.01; ***p < 0.001. (B) Viral antigen
expression in Huh-7 or Vero cells infected with either WT or HHA™ DENV was visualized by confocal microscopy images. Nuclei were stained with DAPI (blue). Infected cells
were first incubated with anti-DENV antibody clone 2H2 and then with a goat-anti-mouse antibody labeled with Alexa fluor 488 (green).
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that PRM-S targets also the glycans on the DENV envelope. In con-
trast, ribavirin (RBV), a nucleoside analog and inhibitor of cellular
purine synthesis (Leyssen et al., 2008), retained as expected wild-
type antiviral activity against HHA™® DENV. SA-17, a novel doxoru-
bicin analog that inhibits the DENV entry process by another molec-
ular mechanism of action than targeting viral N-glycans (Kaptein
et al., 2010), was equipotent against WT DENV and HHA"™* DENV.

4. Discussion

Previously, we demonstrated a consistent and serotype-inde-
pendent antiviral activity of the CBAs, HHA, GNA and UDA in
Raji/DC-SIGN™ cells and MDDC. Both cell types serve as in vitro
models for DC that are considered to represent the first target cells
of DENV in the human body (Grassi et al., 1998). Here, we charac-
terized the molecular target of the CBAs on the viral envelope by
the generation of a DENV resistant to HHA in the Aedes albopictus
mosquito cell line C6/36. We succeeded in selecting a HHA™® DENV
after 14 passages by gradually increasing the concentration of HHA
(Fig. 1). Next, we characterized the genotype and the phenotype of
the HHA'™® virus. Compared with the WT DENV, we found two
highly prevalent mutations, namely N67D and T155], present in
80% of all HHA™® DENV clones sequenced. Similar mutational pat-
terns destroying both glycosylation motifs (T69I or T69A each in
combination with T155I) were each present in another 10% of
the HHA™ DENV clones analyzed (Fig. 1). In 90% of the HHA™®
DENV clones both N-glycosylation motifs were mutated either di-
rectly at the actual N-glycan accepting a residue of the first site
(Asn67) or at the C-proximal Thr155 being an essential part of
the second N-glycosylation site (Ploegh and Neefjes,1990), thus
both N-glycosylation sites on the viral envelope protein can be
considered to be deleted. This indicates that HHA directly targets
the N-glycans on the viral E-protein. In fact, all HHA™ DENV clones
sequenced showed the deletion of the N-glycan at Asn153. How-
ever, 10% (n=2/18) of the HHA"® DENV clones sequenced had no
mutation at the glycosylation motif g;N-T-Teg, indicating that this
glycosylation motif (Mondotte et al., 2007) has a higher genetic
barrier compared to 153N-D-T1s5. Though there are multiple escape
pathways to become resistant to HHA, but it seems not to be

Table 2
Antiviral activity of various CBAs, ribavirin and SA-17 against WT and HHAres DENV-
2 in Huh-7 cells.

Compound ECs0?
WT DENV-2 HHAres DENV-2
HHA (nM) 82+46 >2000
GNA (nM) 9.4+40 >2000
UDA (uM) 1.6+0.57 >10
PRM-S (M) 17+3.7 >100
RBV (UM) 123 +£22 107 £ 2.1
SA-17 (uM) 52+20 44 + 20

@ ECso, 50% effective concentration, or drug concentration required to inhibit
DENV infection in Huh-7 cells by 50% as measured by viral antigen expression
4 days post infection. Values are the mean + SEM of 2-5 independent experiments.

possible to fully escape the selective pressure of favoring a degly-
cosylation of the viral E-protein. In addition, we found no muta-
tions either apart from the N-glycosylation sites of the E-protein
discussed before, or in any of the five WT DENV-2 clones passaged
in parallel. This is not fully unexpected as flaviviruses replicate
with reasonable fidelity and DENV does not necessarily exist as a
highly diverse quasispecies neither in vitro nor in vivo (Pugachev
et al., 2004; Thai et al., 2012).

Then, the phenotype of HHA™® was characterized. According to
the plaque assay in BHK-21 cells, HHA"™® DENV had a smaller pla-
que phenotype compared to the WT DENV. These findings are in
accordance with previous observations where mutant DENV with
a deletion of the N-glycosylation site at N153 resulted in smaller
plaques if compared with the WT virus (Lee et al., 1997; Mondotte
et al., 2007). Previously, others demonstrated a loss of viral growth
in mammalian cells when DENV lacks its glycosylation site at
Asn67 (Mondotte et al., 2007; Bryant et al., 2007). Therefore, we
investigated the viral fitness of the HHA™® virus in a variety of cell
types. In contrast to these previous observations, we demonstrated
a comparable viral growth in Vero cells for the mutant HHA™® and
WT DENV analyzed by flow cytometry and RT-qPCR. We cannot
formally exclude a reversion of HHA™ DENV back to WT DENV
during growth in Huh-7 cells, however the latter seems highly
unlikely given the rather short time frame of only 4 days used for
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Fig. 4. HHA™® DENV-2 is cross-resistant to CBAs. Huh-7 cells were infected with WT (open symbol) or with HHA™® (black symbol) DENV at a MOI of 0.02 in the presence of
various CBAs (HHA, GNA, UDA, PRM-S) or RBV or SA-17. At 4 days post infection, the number of DENV-infected cells was quantified by flow cytometry. The mean % of

inhibition of viral replication + SEM of up to 4 independent experiments is shown.
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antiviral testing. Second, no WT DENV could be detected in the
HHA™* DENV inoculums within the 18 representative clones ana-
lyzed making a rapid outgrowth of DENV variants almost impossi-
ble. In the C6/36 mosquito cells, the viral replication was even
significantly higher for the HHA™® DENV. However, there was some
kind of reduced viral fitness at least in a few cell lines tested. We
observed that the mutant HHA™ DENV had a partially reduced
replication capacity in hamster BHK-21 cells and human hepatoma
(Huh-7) cells. A possible explanation for the differences between
our data and data from previous studies could be that the mutant
virus has been generated in mosquito C6/36 cells (during replica-
tion under antiviral drug pressure) and not in mammalian cells
(after introducing the mutations by site-directed mutagenesis). In
addition, in previous studies, other amino acid substitutions were
generated, resulting in different virus genotypes and subsequently
resulting in poorly to predict virus phenotypes. Lee et al. (2010)
postulated that the virus fitness of mutant viruses lacking glycosyl-
ation sites is dependent on the viral strain and can be compensated
by second-site amino acid mutations in the E-protein that can re-
store the virus growth in mammalian cells. According to our data,
HHA™* DENV did not show additional compensatory amino acid
mutations in that region.

Remarkably, in contrast to WT DENV, HHA™* DENV was not able
to infect efficiently DC-SIGN™ cells or cells that express the DC-
SIGN-related liver-specific receptor L-SIGN. Comparable data were
previously obtained using another mutant DENV with deleted N-
glycans (Pokidysheva et al., 2006; Mondotte et al., 2007). Our data
indicate that the glycans present in the WT virus play a crucial role
in the interaction with DC-SIGN and L-SIGN of the human host cell.
Interestingly, MDDC are also not susceptible for HHA™® DENV infec-
tion, indicating the importance of the DC-SIGN-mediated DENV
infection in MDDC. Moreover, cells of the hematopoietic origin,
such as DC, have been shown to play a key role for DENV pathogen-
esis (Pham et al., 2012). Thus, if the CBA-resistant, N-glycan free
DENYV, cannot infect DC anymore we can assume that CBAs interfere
with a pathophysiological highly relevant target. By contrast, the
entry process of DENV in Vero, Huh-7, BHK-21 and C6/36 cell lines
is DC-SIGN-independent and also carbohydrate-independent. In-
deed, HHA™ DENV can enter and replicate in these cell lines. In fact,
we demonstrate here for the first time that DENV that lacks N-gly-
cans on the envelope E-glycoprotein is able to replicate efficiently
in mammalian cells, with the exception of DC-SIGN" cells.

The HHA™® virus was used as a tool to identify the antiviral tar-
get of other classes of compounds as it could replicate in human li-
ver Huh-7 cells (Fig. 3A). The HHA™® DENV was cross-resistant to
GNA, UDA and PRM-S because these compounds recognize differ-
ent molecules present in the structure of an N-glycan. In contrast,
ribavirin (RBV), a nucleoside analog and inhibitor of cellular purine
synthesis (Leyssen et al., 2008), retained as expected wild-type
antiviral activity against HHA™ DENV. This argues against that
there would be relevant compensatory mutations e.g., in the
non-structural proteins of DENV which might be responsible for
an overall enhanced replication of the viral genome as shown for
other inhibitors of DENV replication (Xie et al., 2011; Wang et al.,
2011). SA-17, a novel doxorubicin analog that inhibits the DENV
entry process (Kaptein et al., 2010), was equipotent against WT
and HHA"™ DENV. The SA-17 compound is predicted to interact
with the hydrophobic binding pocket of the E-glycoprotein which
is independent from the N-glycosylation state of the E-glycopro-
tein and this hypothesis was confirmed by molecular docking
experiments (Kaptein et al., 2010).

5. Conclusion

In conclusion, we generated a HHA™® DENV-2 strain that appar-
ently in cells lacking DC-SIGN has a comparable fitness as WT

DENV. However, DC-SIGN expressing cells were markedly less sus-
ceptible to HHA™® DENV, indicating a crucial role of the E-glyco-
protein N-glycans for DC-SIGN-mediated DENV infection. MDDC
could not become infected with HHA™ DENV, indicating that
DENV is dependent on N-glycans for establishing an infection at
its primary inoculation site in the human skin. Thus, based on this
study, DC-SIGN expressing cells can be considered as a “bottle-
neck” for DENV pathogenesis. Moreover, in line with the crucial
role that DC-SIGN plays in DENV pathogenesis (Sakuntabhai
et al., 2005), DENV N-glycan deletion mutants should most proba-
bly have an attenuated phenotype in vivo and could possibly be
used in novel vaccination strategies. In addition, the HHA™ DENV
can be considered as demonstrated in this study as a useful tool in
order to elucidate target specificity (i.e., glycans on DENV E-glyco-
protein) of novel viral entry inhibitors.
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