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The four serotypes of dengue virus (DENV1 to DENV4) cause extensive morbidity and mortality. A major obstacle
to studying disease pathogenesis and developing therapies has been the lack of a small-animal model. We previously
reported isolation of a DENV2 strain, obtained by passaging a clinical isolate between mosquito cells and mice, that
caused severe DENV disease in mice and contained multiple mutations, including many in domain II of the envelope
(E) protein. Here, we describe a recombinant virus, differing from the non-mouse-passaged virus by two mutations
in the E protein, that induces vascular leakage and tumor necrosis factor alpha (TNF-�)-mediated lethality, while
the non-mouse-passaged virus causes paralysis. This recombinant virus has a weaker affinity for heparan sulfate,
resulting in an increased serum half-life, higher systemic viral loads, and high levels of TNF-� in the serum of
infected mice. These results exemplify the role of the E protein in modulating virion clearance and connect the effect
of clearance on the systemic viral loads responsible for severe disease manifestations.

The four serotypes of dengue virus (DENV1 to DENV4) are
the etiologic agents of dengue fever (DF) and dengue hemor-
rhagic fever/dengue shock syndrome (DHF/DSS). DF is an
acute, self-limited febrile illness. The more life-threatening
DHF/DSS is characterized by a transient increase in vascular
permeability, resulting in the leakage of plasma to the inter-
stitium. DENV is transmitted to humans primarily by the mos-
quitoes Aedes aegypti and Aedes albopictus. It belongs to the
Flaviviridae family and is related to the viruses that cause
yellow fever (YFV), hepatitis C, and the West Nile (WNV),
Japanese (JEV), and St. Louis encephalitides (5). DENV is an
enveloped virus with a single-stranded, 10.7-kb, positive-sense
RNA genome that is translated as a single polyprotein and
cleaved into three structural proteins (C, prM/M, and E) and
seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) by both viral and host proteases. At
present, no effective antiviral therapy or vaccine exists. An
estimated 2.5 billion people are at risk for DENV infection
worldwide, and 50 million new cases of DF, 250,000 to 500,000
cases of DHF/DSS, and 25,000 deaths are reported per year
(14, 16).

Despite the significant public health threat posed by DENV,
the mechanisms of viral pathogenesis remain unclear. To bet-
ter understand DENV disease, several mouse models have
been developed. Mouse models of DENV infection include (i)
intracerebral injection of suckling mice (50); (ii) mouse brain-
adapted DENV strains that rapidly induce encephalitis (12);
(iii) A/J (20, 51) and AG129 (26, 52) mice that are infected
with a high dose of a non-mouse-adapted DENV strain; (iv)
chimeric SCID mice that are transplanted with either human
peripheral blood mononuclear cells (58); CD34� cord blood

cells (2), erythroleukemic K562 cells (36), or HepG2 hepato-
carcinoma cells (1); and (v) chimeric RAG2�/� �c

�/� mice
transplanted with human fetal liver-derived CD34� cells (31).
In some of these, typical signs of DENV infection in humans,
such as thrombocytopenia (2, 20), rash (2), and fever (2, 31),
have been observed. However, the dominant clinical pheno-
type of susceptible mice is paralysis, which is not often seen in
human cases.

As a first step toward creating a more relevant small-animal
model of DENV infection, we isolated D2S10, a novel DENV2
strain that causes severe disease in AG129 mice, which lack
receptors for both alpha/beta interferon (IFN-�/�) and IFN-�
(53). D2S10 was derived by alternately passaging the non-
mouse-adapted DENV2 strain PL046 (a Taiwanese human
isolate) between mosquito cells and serum of AG129 mice.
The parental DENV2 PL046 strain induced paralysis in
AG129 mice, while D2S10 was lethal in the absence of paral-
ysis. Rather, the mice had virus in non-neuronal tissues and
showed signs of increased vascular permeability. High levels of
inflammatory cytokines, including TNF-�, were found in the
sera of D2S10- but not PL046-infected AG129 mice, and the
treatment of D2S10-infected mice with neutralizing anti-
TNF-� antibody prevented both early death and vascular leak-
age. Therefore, AG129 mice infected with D2S10 exhibit some
salient DHF/DSS features, including increased vascular per-
meability and “cytokine storm”.

In the present study, a full-genome-length infectious cDNA
clone of PL046 (PL046-IC) was constructed and subsequently
used to identify viral determinants present in the D2S10
quasispecies that were responsible for the acute-disease phe-
notype. Introduction of the N124D and K128E mutations in
the envelope (E) protein of PL046-IC was sufficient to reca-
pitulate the D2S10 phenotype in AG129 mice. The mutations
resulted in reduced heparan sulfate (HS) binding affinity that
led to an increased serum half-life, likely allowing more viral
particles to reach and infect visceral organs, ultimately result-
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ing in higher systemic viral loads. These results highlight the
relationship between increased viral loads and severity of dis-
ease. This model will be useful for studying DENV infection
and testing therapeutics.

MATERIALS AND METHODS

Mice. AG129 mice (129/Sv mice lacking IFN-�/�- and IFN-� receptors), ob-
tained from Herbert W. Virgin (Washington University School of Medicine, St.
Louis, MO), were bred and housed under specific-pathogen-free conditions at
the La Jolla Institute for Allergy and Immunology (LIAI). All experiments were
approved by the Animal Care Committee at the LIAI. Age- and sex-matched
mice at 5 to 6 weeks of age were used for all experiments. Virus was injected
intravenously via the tail in a volume of 200 �l. For survival studies, mice were
sacrificed when moribund or upon initial signs of paralysis.

Cell cultures and viral stocks. C6/36 cells were obtained from the American
Type Culture Collection, BHK cells were obtained from Eva Harris (University
of California, Berkeley, CA), and K562 erythroleukemia cell lines were a gift
from Ted Pierson (Laboratory of Viral Diseases, National Institutes of Health).
BHK cells, K562 cells, and C6/36 cells were grown in minimal essential medium-
alpha (Invitrogen), RPMI 1640, or Leibovitz’s L-15 (Invitrogen), respectively, all
supplemented with penicillin, streptomycin, HEPES, and 10% fetal bovine se-
rum (Gemini Bio-Products). C6/36 infection was performed in 5% fetal bovine
serum. Cells were grown at 37°C in 5% CO2 or at 28°C for C6/36 cells. The
DENV2 strain PL046 (Taiwanese isolate; C6/36 cell culture adapted) was
adapted to C6/36 cells through at least 20 rounds of amplification and obtained
from Huan-Yao Lei (National Cheng Kung University, Taiwan). That stock was
passaged two times in C6/36 mosquito cells and designated the parental strain
used for these studies. D2S10 was isolated from the serum of AG129 mice after
10 passages as previously described (49); virus was amplified twice in C6/36
mosquito cells and used for all experiments of the previous study. Recombinant
viral stocks produced from BHK transfections were propagated two times in
C6/36 cells and concentrated via ultracentrifugation, and genome equivalents
(GE) were quantified by real-time reverse transcription-PCR (RT-PCR).

Generation of infectious cDNA clones. An infectious cDNA clone of PL046
(pPL046-IC) was constructed by cloning three subgenomic fragments (nucleo-
tides 1 to 5056 [F1, SacI/NsiI], nucleotides 4561 to 7592 [F2, NsiI/StuI], and
nucleotides 7079 to 10723 [F3, StuI/XbaI]) of PL046 into pCR2.1-Topo vector
(Invitrogen), followed by substitution of these fragments into the pD2/IC plas-
mid, which contained the infectious cDNA clone of DENV2 16681 strain in a
modified polylinker site of pBR322 (27). The pD2/IC plasmid, a gift from
Richard Kinney (Centers for Disease Control and Prevention, Fort Collins, CO),
was obtained from Eva Harris (University of California, Berkeley, CA). RNA
was extracted from the parental PL046 stocks with a QIAamp viral RNA minikit
(Qiagen), and cDNA fragments were synthesized by using SuperScript III (In-
vitrogen). The C6/36 cell culture-adapted PL046 stock, obtained from H.-Y. Lei,
was passaged twice in C6/36 cells and used for the isolation and generation of
cDNAs. Proper integration into pD2/IC and sequence were confirmed by re-
striction digestion and full-genome sequencing using previously described prim-
ers (11). Overlap extension site-directed mutagenesis was performed to generate
pE124-IC, pE128-IC, and pE124/128-IC. HB101 (Invitrogen) was used as the
host for construction and propagation of cDNA clones. Standard cloning pro-
cedures were followed, except that bacteria were propagated at 30°C.

RNA transcription and transfection. Each of the four plasmids (pPL046-IC,
pE124-IC, pE128-IC, and pE124/128-IC) was linearized with XbaI and gel pu-
rified by using a QIAquick gel extraction kit (Qiagen). Infectious RNA was
generated by in vitro transcription with a RiboMax large-scale RNA production
system (T7) (Promega) with the following modifications to the manufacturer’s
protocol: we used 5 mM concentrations of GTP, CTP, and UTP; 1 mM ATP; and
5 mM 7mG(5�)ppp(5�)A cap analog incubated for 4 h at 30°C with the addition
of 2 mM ATP after 30 min. Approximately 5 �g of RNA was introduced into 2 �
105 BHK-21 cells via Lipofectamine (Invitrogen)-mediated transfection. At 48 h
posttransfection, virus in supernatant was made into viral stocks after centrifu-
gation at 10,000 � g. The entire genome of the viral stocks was confirmed by
sequencing.

Quantitation of viral loads in mice. Mice were euthanized via isoflurane
inhalation, and blood was collected via cardiac puncture. Serum RNA was
isolated by using the QIAamp viral RNA minikit (Qiagen). Mice were perfused
with 60 to 90 ml of phosphate-buffered saline (PBS), tissues were cut less than 0.5
cm thick in at least one dimension and collected into RNAlater (Qiagen). Bone
marrow was taken from the femur, and the peripheral lymph nodes were a pool
of the inguinal, brachial, and axillary lymph nodes. Within 24 h, whole tissues

were homogenized for 3 to 4 min at 4°C in 1 ml of tissue lysis buffer (Qiagen
Buffer RLT) by using a Mini-Beadbeater-8 (BioSpec Products). For small intes-
tine and liver tissues, a fraction of this homogenate was homogenized for an
additional minute. Immediately after homogenization, all tissues were centri-
fuged (5 min, 4°C, 16,000 � g) to pellet debris, and RNA was isolated by using
an RNeasy minikit (Qiagen). After elution, viral RNA was snap-frozen in liquid
N2 and stored at �80°C until measured by using real-time RT-PCR.

Quantitative RT-PCR. Quantitative RT-PCR was performed according to a
published protocol (19), except that a MyiQ single-color real-time PCR detection
system (Bio-Rad) with an iScript One-Step RT-PCR kit for Probes (Bio-Rad)
were used. The DENV standard curve was generated with serial dilutions of a
known concentration of DENV genomic RNA in vitro transcribed (MAXIscript
kit; Ambion) from a plasmid containing the cDNA template of PL046 3�-un-
translated region. After transcription, DNA was digested with DNase I, and
RNA was purified by using an RNeasy minikit (Qiagen) and quantified by UV
spectrophotometry. To control for RNA quality and quantity, the level of 18S
rRNA was measured by using an 18S rRNA control kit (Eurogentec) in parallel
real-time RT-PCRs. A relative 18S standard was made from total splenic RNA.
Readings were averaged from duplicates.

Quantitation of vascular permeability. The relative plasma leakage was mea-
sured by the concentration of albumin in tissues at day 3 p.i. Mice were eutha-
nized by isoflurane inhalation and perfused with 60 to 90 ml of PBS. Slices of
large intestine were collected and homogenized. A capture enzyme-linked im-
munosorbent assay (ELISA) was performed on homogenates by using a mouse
albumin ELISA kit (Bethyl Labs) with the provided absolute standards. Albumin
concentrations were measured as milligrams per gram of tissue weight with a
limit of detection of 0.74 mg/g.

Measurement and neutralization of TNF-�. TNF-� was quantitated by using
a mouse TNF-� ELISA Ready-SET-Go kit (eBioscience) according to the man-
ufacturer’s protocol, and results were expressed as picograms per milliliter with
a limit of detection of 15 pg/ml of serum. TNF-� was neutralized via intraperi-
toneal injection of 100 �g of purified, functional-grade anti-mouse TNF-� (clone
MP6-XT3; eBioscience) on days 1, 2, and 3 p.i. Purified, functional-grade rat
immunoglobulin G1 (eBioscience) was used as the isotype control.

Flow cytometric analysis. Intracellular antigen staining was performed by
using the BD Cytofix/Cytoperm kit (BD Biosciences). Cells were labeled with
biotinylated anti-DENV prM (clone 2H2) or isotype control anti-colchicine
(clone C44), followed by phycoerythrin (PE)-labeled streptavidin (eBioscience).
The data were recorded by using a FACSCalibur flow cytometer with CellQuest
software (Becton Dickinson) and analyzed by using FlowJo (Tree Star, Inc.).

Infection inhibition with soluble GAG and GAG lyase treatment. The follow-
ing reagents were obtained from Sigma: heparin (from porcine intestinal mu-
cosa), HS (from bovine kidney), chondroitin sulfate A (from bovine trachea),
heparinase I, and chondroitinase ABC. Experiments were performed as previ-
ously described (6). Briefly, virus was either preincubated with the specified
concentration of soluble GAG for 30 min on ice, or cells were pretreated with
GAG lyase at 37°C for 1 h with constant shaking. Cells were washed and then
incubated with virus for 1 h at 4°C with constant shaking. Finally, cells were kept
on ice and washed extensively by using ice-cold buffer. All incubations were
performed in 5 mM CaCl2–5 mM MgCl2–0.5% bovine serum albumin in PBS.
RNA from a fraction of the cells was isolated and quantified by quantitative
RT-PCR, while the remainder was resuspended in medium and plated in 12-well
plates. DENV antigen was detected 24 h p.i. as described above.

Heparin-Sepharose chromatography. Prepacked 1-ml heparin-Sepharose
HiTrap HP columns (GE Healthscience) were equilibrated with 5 mM phos-
phate containing 0.5% bovine serum albumin (pH 7.5). Approximately 1010 GE
of virus purified over a sucrose gradient, as previously described (17), was applied
to the column and then eluted by using a linear gradient from 0 to 500 mM NaCl
at a rate of 1.0 ml/min. Then, 1-ml fractions were collected, and virus in fractions
was quantitated by real-time RT-PCR.

Statistical analysis. Data were analyzed with Prism software (GraphPad Soft-
ware, Inc.). For survival studies, Kaplan-Meier survival curves were analyzed by
the log-rank test. Statistical significance was determined by using the two-tailed
paired t test for in vitro experiments and the Mann-Whitney test for mouse
experiments, as well as for viral RNA per PFU comparisons.

RESULTS

Initial characterization of recombinant viruses. In our pre-
vious study, we reported isolation of D2S10, a mouse-passaged
variant derived from the DENV2 strain PL046 that caused
severe disease in mice. Eight nucleotide differences between
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PL046 and D2S10 were identified by consensus sequencing
(53). One resulted in an amino acid substitution (K to E) at
position 128 of the E protein, and another was found in the 3�
untranslated region (T to A; position 10,564), while the re-
maining mutations were silent. By sequencing individual
clones, nine coding mutations were found at amino acid resi-
dues 122, 124, 126, 128, 130, 222, 228, and 229 of the E protein,
the majority of which resulted in net negative charge changes.
To identify viral determinants responsible for the D2S10 phe-
notype, full-genome-length infectious cDNA clones were gen-
erated by reverse genetics. First, an infectious cDNA clone
based on the PL046 consensus sequence (pPL046-IC) was as-
sembled, and the recombinant PL046-IC virus caused paralysis
in AG129 mice, similarly to uncloned PL046. Next, two muta-
tions in the E protein previously identified in the D2S10 pop-
ulation, K128E and N124D (53), were introduced into
pPL046-IC by site-directed mutagenesis to generate the re-
combinant DENV strain E124/128-IC. D2S10 and E124/
128-IC required longer to form visible plaques on BHK mono-
layers than did PL046 and PL046-IC (Fig. 1A). Real-time
RT-PCR demonstrated that uncloned D2S10 and E124/128-IC
contained ca. 10- or 50-fold more viral RNA per PFU, respec-
tively, compared to uncloned PL046 or PL046-IC, respectively
(Fig. 1B). Western blot of viral stocks using anti-flavivirus E
protein confirmed that D2S10 and E124/128-IC contained
more antigen per PFU than the parental viruses (Fig. 1C).
These results show a higher particle-to-PFU ratio for D2S10
and E124/128-IC viruses than for PL046 and PL046-IC. Thus,
all infectious doses in the present study were normalized based
on GE.

Two mutations in the E protein are sufficient to recapitulate
the TNF-�-induced, early death phenotype in mice. AG129
mice infected with 1.5 � 1011 GE of the double mutant virus,
E124/128-IC, succumbed to disease between days 3 and 4 p.i.
(Fig. 2A), mirroring the published data obtained from studies
with D2S10 (53), while AG129 mice infected with the parental
PL046-IC virus began exhibiting paralysis by day 12 p.i. Mice

infected with virus containing either the N124D or the K128E
amino acid change alone manifested paralysis between days 6
and 30 p.i. (data not shown). Since the presence of only one
mutation did not cause the early death observed in mice in-
fected with the double mutant, neither vascular leakage nor
TNF-� in the serum were measured. The results of survival
studies indicate that the presence of both the N124D and the
K128E substitutions together is sufficient to recapitulate
D2S10 phenotype. To confirm this, vascular leakage and
TNF-� levels were assessed in mice infected with E124/128-IC.
Similar to mice infected with D2S10 (53), mice infected with
E124/128-IC exhibited increased vascular permeability at day
3 p.i., as measured by elevated levels of albumin in the large
intestine (Fig. 2B), and contained significantly more TNF-� in
the serum than PL046-IC-infected mice (Fig. 2C). In addition,
as observed with D2S10, administration of TNF-�-neutralizing
antibody prevented the severe disease manifestations (Fig.
2D). Thus, the phenotypes caused by PL046-IC and E124/
128-IC are identical to those of mice infected with PL046 and
D2S10, respectively.

Reduced infectivity of E124/128-IC on BHK cells. To inves-
tigate the differential BHK plaque phenotype, we performed
intracellular antigen staining to detect infection of these cells.
At inocula of 5,000 GE per cell, higher percentages of the cells
infected with PL046-IC were DENV positive than those in-
fected with E124/128-IC at both 24 h and 48 h p.i. (Fig. 3A).
The percentage of PL046-IC-infected cells declined from
42.1% at 24 h p.i. to 29.7% at 48 h p.i., most likely due to
cytopathic effects of the virus. These results demonstrate that
the N124D and K128E mutations decrease the infectivity of
BHK cells. K562/DC-SIGN cells are the human erythroleuke-
mic cell line K562 overexpressing DC-SIGN, and these cells,
but not wild-type K562 cells, are highly permissive to DENV
infection (10). At inocula of 5,000 or 500 GE per cell, the two
amino acid changes enhanced the infection of K562/DC-SIGN
cells (Fig. 3B). This confirmed that the reduced ability of

FIG. 1. Comparison of uncloned DENV2 strains PL046 and D2S10 with recombinant viruses derived from pPL046-IC (PL046-IC) and
pE124/128-IC (E124/128-IC). (A) Plaque assays using BHK-21 cells were performed. Plaques were visualized day 5 p.i. for PL046 and PL046-IC
and day 7 p.i. for D2S10 and E124/128-IC. (B) Virus was quantified by real-time RT-PCR in five different uncloned and four different recombinant
preparations. The same preparations were used for plaque assay on BHK-21 cells to calculate viral RNA copies per PFU. The data represent
means 	 the standard errors of the mean (SEM). The asterisk indicates a difference that is statistically significant (P 
 0.05). (C) Western blot
of uncloned PL046 and D2S10 and recombinant viruses derived from pPL046-IC and pE124/128-IC. A monoclonal antibody (clone E18) was used
to detect the E protein in 105 PFU of PL046 (lane 1), D2S10 (lane 2), PL046-IC (lane 3), and E124/128-IC (lane 4) and 104 PFU of PL046 (lane
5), D2S10 (lane 6), PL046-IC (lane 7), and E124/128-IC (lane 8). In this denaturing gel, the E monomer is detected as the major band of
approximately 55 kDa.
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E124/128-IC to infect BHK cells was not due to the presence
of more defective particles per GE.

HS proteoglycan-dependent infection of BHK-21 cells by
PL046-IC and E124/128-IC. Infection of BHK cells by DENV2
has previously been shown to be dependent on HS-mediated
viral entry (22, 34). Based on the published DENV2 E protein
structure, the amino acids at positions 124 and 128 of E protein
in PL046 form part of a basic patch on the external surface of
the protein at the base of domain II, near the region postulated
to affect receptor interaction (39, 41) (Fig. 4). Positively
charged residues in this region of the envelope are present in
other DENV2 strains and are speculated to bind HS proteo-
glycans (40). Since these residues were replaced with nega-
tively charged amino acids in E124/128-IC, we hypothesized
that the mutations affected interactions with HS moieties on
BHK cells.

Binding assays were performed with BHK cells that were
pretreated with heparinase I, which specifically removes cell
surface HS. Heparinase I treatment reduced binding of both
viral strains to BHK cells (Fig. 5A), confirming that attachment
to these cells by both strains is dependent on interactions with
HS. Fivefold more PL046-IC bound to untreated BHK cells

than E124/128-IC, suggesting that PL046-IC interacts with HS
moieties on BHK cells more strongly than E124/128-IC. Next,
cells were pretreated with heparinase I or chondroitinase
ABC, and the level of infection at 24 h p.i. was assessed by flow
cytometry. Heparinase I decreased infection by both viruses
(Fig. 5B) and, compared to E124/128-IC, more heparinase I
was required to reduce PL046-IC infection to ca. 40% of the
untreated control. Neither virus showed reduced infectivity on
cells treated with chondroitinase ABC, which specifically de-
grades cell surface chondroitin sulfate, demonstrating the spec-
ificity of interactions between these viruses and HS. Next,
infection inhibition assays with soluble heparin, HS, or chon-
droitin sulfate A were performed. HS is widely expressed on
the surface of cells and extracellular matrices at degrees of
sulfation that vary based on the organ. Heparin is a highly
sulfated species of HS, while the HS used in this experiment is
less sulfated. Thus, heparin and HS are used experimentally to
test the importance of sulfation for interactions with the virus,
while chondroitin sulfate A is used as a control against non-
specific interactions. Preincubation with heparin substantially
decreased both PL046-IC and E124/128-IC infection of BHK
cells in a dose-dependent manner (Fig. 5C), although a higher

FIG. 2. Infection of IFN-�/� and IFN-� receptor-deficient 129/Sv (AG129) mice with recombinant DENV2 PL046-IC or E124/128-IC.
(A) Survival curves of AG129 mice infected with 1.5 � 1011 GE of PL046-IC or E124/128-IC. All PL046-IC-challenged mice developed paralysis,
whereas all E124/128-IC mice died without manifesting paralysis. The P value between the two viral strains is indicated. The data from three
independent experiments, each with different viral preparations, were pooled (n � the total number of mice per group). (B) Vascular permeability
was assessed by measuring albumin concentrations in the large intestine of mice day 3 p.i. by ELISA. The results represent the mean values 	 the
SEM of five mice per group, except for the naive group with three mice. The dotted line shows the limit of detection of the assay. **, P 
 0.01.
(C) TNF-� levels in the serum were analyzed by ELISA. Mean values 	 the SEM of six to nine mice per group for each time point are shown.
The dotted line represents the limit of detection of the assay. **, P 
 0.01. (D) Anti-TNF-� or isotype control antibody was administered to
E124/128-IC-infected mice on days 1, 2, and 3 p.i. Isotype control-treated mice succumbed to infection without exhibiting signs of paralysis, whereas
anti-TNF-�-treated mice developed paralysis. The data were pooled from two experiments (n � the total number of mice per group; the P value
is indicated).
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concentration of heparin was required to reduce infection by
PL046-IC than by E124/128-IC. In contrast to heparin, HS
inhibited infection only at a high concentration (100 �g/ml),
and chondroitin sulfate A had no effect. Taken together, these
results confirm that infection of BHK cells by either viral strain
is strongly dependent on interactions with more sulfated forms
of HS. In addition, they suggest that PL046-IC has a greater
affinity for binding to heparin than E124/128-IC.

E124/128-IC shows reduced interaction with HS. To test the
relative binding affinity of the two DENV strains, sucrose-
gradient-purified preparations were examined by heparin-
Sepharose chromatography. In agreement with BHK binding
and infection experiments, E124/128-IC eluted at a much
lower NaCl concentration than PL046-IC, indicating weaker
binding of E124/128-IC to heparin (Fig. 5D) and confirming
that the N124D and K128E mutations reduce binding affinity
to heparin-like forms of HS.

Although PL046-IC binds more strongly to heparin com-
pared to E124/128-IC, binding of both viruses to BHK cells is
highly dependent upon interactions with HS. When HS mole-
cules are enzymatically cleaved, their cell surface concentra-
tion is reduced. Likewise, in the presence of soluble GAG, HS
binding sites on the virus are blocked, and the free binding site

concentration is therefore reduced. In both cases, because
PL046-IC has a higher affinity for HS, the measured virus-HS
interaction is less affected by reduced concentrations of HS or
HS binding sites. On the other hand, because E124/128-IC has
a lower affinity for HS, its binding is more readily affected.

Virion clearance from the circulation. Previous studies with
high-affinity heparin-binding variants of DENV and encepha-
litic flaviviruses, such as JEV, WNV, and MVE, have shown
that mutations in the E protein resulting in gain-of-positive
charge translate to rapid virion removal from circulation (32–
34). Therefore, we examined whether the gain-of-negative-
charge mutations in E protein of E124/128-IC reduce the rate
of virion clearance from the blood. A total of 1.5 � 1011 GE of
PL046-IC and E124/128-IC was intravenously administered to
mice, followed by harvest of serum samples at 0.5, 1.5, and 3 h
p.i., and viral RNA was quantified by real-time RT-PCR. At
0.5 h, viral RNA levels were similar between PL046-IC- and
E124/128-IC-infected mice (Fig. 6). However, by 1.5 h p.i.,
serum viral RNA levels in E124/128-IC-injected mice were
fivefold higher than in PL046-IC-inoculated mice. By 3 h p.i.,
�15-fold more viral RNA was present in the serum of E124/
128-IC-infected mice than in PL046-IC-infected mice. The lev-
els of viral RNA decreased in other tissues (lymph nodes, liver,
spleen, kidney, and intestine) between 0.5 and 3 h in all ani-
mals (Fig. 7), suggesting that the first round of replication was
not yet complete. This implies that only input virus was present
in the serum at this time. These results demonstrate a longer
serum half-life of E124/128-IC relative to PL046-IC.

Kinetics analysis of viral distribution in PL046-IC- and
E124/128-IC-infected mice. To investigate whether the ex-
tended serum half-life of E124/128-IC was leading to severe
dengue disease manifestations in mice, kinetics analysis of viral
RNA in tissues between 0.5 and 72 h p.i. was performed. RNA
was isolated from serum or tissues of mice infected with 1.5 �
1011 GE of PL046-IC or E124/128-IC, and the levels of viral
RNA were quantified by real-time RT-PCR. In the serum,
viremia decreased between 0.5 and 3 h, as shown in Fig. 6, but
by 7 h p.i. viremia had significantly increased with both viruses
(Fig. 7A). The 15-fold difference in viremia between PL046-
IC- and E124/128-IC-infected mice at 3 h p.i. increased to
�50-fold by 72 h p.i. In the first 5 h p.i., the viral loads in other
tissues were not statistically different between the two viruses
and decreased logarithmically. No statistically significant dif-
ferences in viral loads in the liver, spleen, lungs, and kidneys
were observed until 72 h p.i. At this time point, the viral load

FIG. 4. Localization of K128 and N124E mutations in three-dimen-
sional structure of PL046 E. Positions of N124 and K128 are viewed
from the top of the E monomer structure with domain I (red), domain
II (yellow), domain III (blue), and fusion peptide (green) based on the
published coordinates (39).

FIG. 3. Infection of BHK and K562 cells by the recombinant viral
strains. (A) BHK-21 cells were infected with 5,000 GE of PL046-IC or
E124/128-IC, and the presence of DENV prM was detected by flow
cytometry. The percentages of positive cells are shown. The data from
one representative out of five independent experiments using different
viral preparations are shown. (B) K562/DC-SIGN cells were infected
with 5,000 or 500 GE of PL046-IC or E124/128-IC, incubated for 24 h,
and analyzed by flow cytometry. The percentages of DENV antigen
positive cells are shown from three independent experiments with
different viral preparations and asterisks denote statistical significance
(*, P 
 0.05; **, P 
 0.01).
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in E124/128-IC-infected mice was higher by �4-fold in the
liver, 10-fold in the spleen, 20-fold in the lungs, and 30-fold in
the kidneys compared to PL046-IC-infected mice (Fig. 7B). In
the bone marrow, peripheral lymph nodes, and mesenteric
lymph nodes, higher viral loads were detected at 12 h and 24 h
p.i. in E124/128-IC-infected mice than in PL046-IC-infected
mice, although the difference in the bone marrow was not
statistically significant (Fig. 7C). By 72 h p.i., these tissues
contained similar amounts of viral RNA in both PL046-IC- and
E124/128-IC-infected mice. In addition to lymph nodes and the
bone marrow, the gastrointestinal organs contained the earliest
differences between PL046-IC- and E124/128-IC-infected
mice. Beginning 12 h p.i., the small intestine of mice infected
with E124/128-IC contained significantly higher concentrations
of viral RNA than did PL046-IC-infected mice. The large in-
testine and stomach were also consistently higher, but the
differences were not statistically significant (Fig. 7D). These
trends continued throughout the infection, remaining 10-fold
higher in mice infected with E124/128-IC through 72 h p.i.
Collectively, these results show that, relative to PL046-IC,
E124/128-IC maintains 15- to 50-fold-higher viremia and es-
tablishes ca. 10-fold-higher viral loads in multiple tissues.

To verify that the increased viral loads were responsible for
severe disease in mice infected with E124/128-IC, AG129 mice

were infected intravenously with 3.0 � 1012 GE of PL046-IC.
This dose was chosen to account for the serum difference
observed at 3 h p.i. These mice began showing signs of illness
less than 24 h before death, and three out of four mice suc-
cumbed by 3 to 4 days p.i., while the fourth mouse developed
paralysis on day 7 p.i. (data not shown). These results under-
score the importance of virion clearance and initial viral loads
in establishing the systemic infection responsible for severe
disease, as well as confirm that this early death phenotype is
due to factors common to both viruses.

DISCUSSION

D2S10 was obtained by passaging PL046, a Taiwanese cell
culture-adapted isolate, between C6/36 cells and mice, and it
was shown to cause severe dengue disease in AG129 mice. In
the present study, we identified mutations present in the
D2S10 population responsible for increased virulence in
AG129 mice as indicated by the 20-fold-higher dose of the
parental virus required to induce severe disease. We suggest
that the mechanism of this increased virulence is due to re-
duced interactions with HS, giving the virus a greater serum
half-life and, in turn, allowing more viral particles to reach
and infect their targets.

In the present study, we found that E124/128-IC and
PL046-IC differ in ability to form plaques on BHK cells, and
thus it was not possible to use plaque assays to compare quan-
tities of the virus. In addition, assays that rely on viral particle
functionality, such as plaque assay and fluorescence-activated
cell sorting-based titration, to measure viral loads are more
susceptible to bias due to interactions between tissue homog-
enates and cells, as well as other factors such as virus inacti-
vation during tissue disruption. For these reasons, real-time
RT-PCR provided a means to reduce bias and increase sensi-
tivity when detecting virus in organ homogenates. However,
quantifying virus by GE does not discriminate between viral
replication and trafficking, nor does it discriminate between
infectious particles, defective particles, and nascent RNA.
Thus, we cannot definitively conclude in which tissues the virus
is replicating. Still, the numerous time points and tissues ex-
amined provide the framework for more detailed studies by
revealing spatial and temporal sites of importance. To identify
actual sites of DENV replication in vivo, the presence of struc-
tural and nonstructural viral antigens, as well as negative- and

FIG. 5. Interaction between the recombinant DENV strains and HS proteoglycans. (A) Inhibition of viral attachment to BHK-21 cells by
heparinase. BHK-21 cells were pretreated or not with heparinase I, exposed to 5,000 GE per cell of virus for 1 h at 4°C, washed at 4°C, and
homogenized, and RNA was isolated. The quantity of DENV present was determined by real-time RT-PCR. The results are expressed as
percentages of DENV particles bound to cells relative to the number bound to untreated PL046-IC-infected cells. Error bars represent the SEM
of two independent experiments using a total of five or six different viral preparations of E124/128-IC or PL046-IC, respectively. (B) Inhibition of
BHK-21 infectivity by heparinase. BHK-21 cells were pretreated or not with heparinase I or chondroitinase ABC, exposed to 5,000 GE per cell
of virus for 1 h at 4°C, washed at 4°C, plated, and incubated at 37°C. At 24 h p.i., the presence of DENV prM was detected via flow cytometry.
The results are shown as percentages of DENV-positive cells relative to the untreated control. Error bars indicate the SEM corresponding to three
independent experiments using four or six different viral preparations of E124/128-IC or PL046-IC, respectively. (C) Inhibition of BHK-21
infectivity with soluble GAG. A total of 5,000 GE per cell of PL046-IC or E124/128-IC was mixed at different concentrations of the indicated
soluble GAG prior to incubation with BHK-21 cells for 24 h at 37°C, followed by detection of DENV infection via flow cytometry. Data from one
representative out of three independent experiments using eight different viral preparations are shown. (D) Viral binding to heparin. Approxi-
mately 1010 GE of sucrose-gradient-purified virus was added to heparin-Sepharose columns equilibrated with a phosphate buffer. After a washing
step, bound virus was eluted with an increasing NaCl concentration, ranging from 0 to 500 mM. Viral RNA in each fraction was then quantified
by real-time RT-PCR. Asterisks denote statistical significance of results (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001).

FIG. 6. Clearance of the recombinant DENV virions from circula-
tion. AG129 mice were intravenously infected with 1.5 � 1011 GE of
PL046-IC or E124/128-IC. Serum was collected at various time points
p.i., and viral RNA levels were quantified by real-time RT-PCR. The
data are expressed as GE of DENV RNA per ml of serum. Each
symbol represents an individual mouse. Asterisks denote viral RNA
levels that are statistically different between PL046-IC- and E124/128-
IC-injected mice at 3 h p.i. (**, P 
 0.01).
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positive-strand viral RNA, will be further investigated in tis-
sues identified to be important by the present study.

The two E-protein mutations discussed in the present study,
N124D and K128E, occur in a positively charged patch con-

sisting of several other lysine residues postulated to interact
with HS (40). Studies with several flaviviruses, including
DENV, JEV, WNV, and MVE (32–34), and other viruses, such
as foot-and-mouth disease virus (49), Sindbis virus (7, 30),

FIG. 7. Levels of viral RNA in tissues of PL046-IC or E124/128-IC-infected mice. (A) Serum; (B) liver, kidneys, lungs, and spleen; (C) bone
marrow, mesenteric lymph nodes (MLN), and peripheral lymph nodes (PLN); (D) stomach, large intestine, and small intestine. AG129 mice were
intravenously infected with 1.5 � 1011 GE of PL046-IC or E124/128-IC. The indicated tissues were harvested at 0.5, 3, 5, 7, 12, 24, and 72 h p.i.,
and viral RNA was quantified by real-time RT-PCR. The data are expressed as the geometric mean of DENV RNA copies relative to 18S of 3
to 10 mice per group for each time point. Asterisks denote viral RNA levels that are statistically different between PL046-IC- and E124/128-IC-
infected mice (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001).
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Venezuelan equine encephalitis virus (3), and classical swine
fever virus (55), have shown that adaptation of the virus to
growth in tissue culture cells results in gain-of-positive charge
mutations in the envelope proteins, thereby promoting viral
binding to GAG and this leads to increased viral uptake into
cells. Although enhanced GAG binding confers a selective
growth advantage in tissue culture, it translates to attenuation
in vivo, as the rate of virion clearance from serum is increased.
In addition to increased virion clearance, other groups have
reported that high-affinity GAG-binding variants demonstrate
increased neurovirulence (25, 45, 47). This has been shown
with the DENV2 strain PUO-218, as passaging in either mouse
brain or BHK cell culture selected for a lysine residue at amino
acid 126 of the envelope (34). Amino acids E124 and E128 are
located in the same basic patch as E126, and the viruses used
in our study share this Lys126 residue. Interestingly, Lee et al.
(34) found that this Lys126 residue was responsible not only for
increased HS binding but also for reduced viscerotropism and
enhanced neurovirulence. This suggests that HS binding in this
region could be contributing to the paralytic phenotype we
observed in AG129 mice infected with PL046-IC. The muta-
tions reported here are the opposite charge change, from pos-
itive or neutral to negative, of those that arose during mouse
brain or BHK cell adaptation, from negative to positive, as
reported by Lee et al. (34), and have the opposite function
since they result in reduced heparin binding affinity and higher
viral replication in non-neuronal tissues in vivo. Thus, the
alternate passaging strategy selected for species more fit for
replication in non-neuronal tissues, and potentially as a con-
sequence, reduced neurovirulence. In addition, the infectivity
of E124/128-IC was increased relative to PL046-IC on K562/
DC-SIGN cells when the infectious dose was normalized based
on GE. This result may be due to these mutations allowing the
formation of more functional viral particles per GE, since the
infectious dose for these experiments was not normalized
based on viral particle functionality, or due to an increased
ability to interact with the DC-SIGN molecule, which has been
identified as a DENV attachment receptor on primary human
dendritic cells (42, 54). Although the K562/DC-SIGN cells
express human DC-SIGN, selection for this may have occurred
on a murine homologue during passaging. Nevertheless, we do
not believe that this increased infectivity alone could account
for the severe disease phenotype in mice, given the magnitude
of the differences in viral loads and the 20-fold-higher dose of
PL046-IC required to consistently induce the severe disease
phenotype.

Studies in human populations have furnished important in-
formation about DENV pathogenesis and immunity, but lack
of an adequate small-animal model has hampered mechanistic
insight into DENV infections. In humans, higher viremia is a
defining feature of DHF/DSS compared to DF (35, 56, 57). In
particular, DHF/DSS is associated with viremia that is 10- to
100-fold higher in titer than that of DF cases (4). Our findings
mirror this observation since infection with E124/128-IC re-
sulted in much higher viremia, ranging from 15- to 50-fold,
beginning 3 h p.i. In addition to higher viremia, TNF-� is found
more frequently and at higher levels in the plasma of individ-
uals with DHF/DSS than with DF, and an increase in TNF-�
levels correlates with increased disease severity (13, 18, 28). In
agreement with this, substantial levels of TNF-� were detected

in the serum of E124/128-IC-infected but not PL046-IC-in-
fected mice. Elevated levels of this cytokine were present only
on day 3 p.i., close to the time of death. Collectively, our
studies with mice infected with E124/128-IC support a model
of DENV pathogenesis in which high levels of virus in tissues
trigger an excessive TNF-�-dependent inflammatory response
that quickly leads to vascular leakage and death. Similarly,
studies with Sindbis virus have shown that low-affinity GAG-
binding variants are able to induce systemic inflammatory re-
sponse with elevated levels of TNF-� (29, 48). Future studies
will attempt to delineate the mechanisms by which viral load,
TNF-�, and severity of disease are connected. Whether higher
viremia in humans is due to infection with viral strains that
behave more like E124/128-IC or to host factors or to both
remains to be answered.

Our studies also demonstrate the importance of initial viral
concentration in the serum during the early hours after infec-
tion. We found that a reduced rate of virion clearance from the
serum resulted in increased systemic infection. This differential
rate clearance of E124/128-IC and PL046-IC was likely to be
mediated by the liver, as shown with other viruses (7, 23), and
is exemplified by the presence of more viral RNA in the liver
of mice infected with PL046-IC at 0.5, 3, and 5 h p.i., although
only the 3-h difference was statistically significant. Liver HS has
been shown to be highly sulfated and heparin-like in structure
(37), and PL046-IC interacted with heparin more strongly than
E124/128-IC in vitro. We speculate that the reduction in
strength of interactions with HS is responsible for the reduced
rate of virion clearance of E124/128-IC and that this allows a
greater number of viral particles to reach cellular targets for
replication before destruction in the liver, allowing a greater
systemic infection. The effect of this differential virion clear-
ance is first observed at 7 h p.i.; the difference becomes more
apparent by 12 h p.i. and is especially pronounced in the lymph
nodes and bone marrow. This suggests that these organs are
likely early sites of viral replication or trafficking. However, by
24 h p.i., the amount of viral RNA in these organs remains
constant or begins to decrease. The amounts of viral RNA in
the lungs, kidneys, stomach, small intestine, and large intestine
increase from 12 to 72 h, and therefore these organs are prob-
ably later sites of replication, since it is unlikely that trafficking
alone could account for these observed increases in viral RNA.
In these tissues, although more E124/128-IC is present initially,
the levels of viral RNA in mice infected with either virus show
the same rate of logarithmic increase, implying that once in-
fection in these tissues is established, the viruses replicate and
spread at the same rate. Since these mice lack both type I and
type II interferon receptors, undoubtedly more viral replica-
tion occurs than in immunocompetent mice. However, the
present study suggests that DENV replication occurs through-
out the visceral organs, and this correlates with human studies
in which DENV antigen and RNA have been detected in the
serum, liver, spleen, heart, lungs, lymph nodes, and bone mar-
row (8, 9, 15, 21, 24, 43, 46) and the central nervous system
postmortem (38, 44).

Interactions with HS are thought to concentrate HS-binding
proteins near the surface of the cells and increase the likeli-
hood of interaction with receptors. The fact that E124/128-IC
shows reduced, but not completely disrupted, interactions with
HS suggests that either the virus has not been passaged enough
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to completely abrogate this interaction or that some interac-
tion with HS is beneficial for the virus in vivo and will be
maintained through passaging. If the latter is true, it is likely
that interactions with HS in vivo require balance: virus that
interacts too strongly is quickly removed from the serum and
not given enough time to reach its targets, while virus that
interacts too weakly may not get enough of an opportunity to
interact with cell surface receptors. Although virion clearance
was delayed in mice infected with E124/128-IC, compared to
mice infected with PL046-IC, viral RNA in the sera of mice
infected with either virus increased by 7 h p.i., implying that the
first round of viral replication had completed and took approx-
imately the same amount of time. This indicates that the re-
duced interactions with HS of E124/128-IC did not detectably
compromise its ability to infect initial targets. The importance
of this interaction in vivo could be assessed by additional pas-
saging of the virus that would eventually lead to disruption of
other HS binding sites, resulting in a loss of interaction with
HS, or to maintenance and possibly further optimization of HS
binding, demonstrating its necessity. The fact that mutations
opposite those seen in the D2S10 population occurred when
passaging in either BHK cell culture or mouse brains confirms
the validity of passaging virus between mosquito cells and mice
to generate viruses that behave more similarly to those that
cause disease in humans. Continuing to passage virus in this
manner will likely provide additional insights into DENV in-
fection and mechanisms of disease, and viruses that cause
disease in less immunocompromised mice at more physiolog-
ically relevant doses will be critical tools for development of
DENV-specific therapies and treatments.
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