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Background: Globally, dengue viruses (DENV) are the most common human arboviral
infection and the most important public health threat from mosquito-borne viral pathogens.
Recent work has indicated that DENV affinity for cell lines is serotype-specific, which raises
challenging questions regarding DENV-host interactions as well as the development of
therapeutics and control programs.
Methods: We evaluated the infectious capacity of 11 strains of DENV for serotypes 1–4 in
17 distinct cell lines. The cell lines were evaluated for virus susceptibility via immunohistochemistry and quantitative reverse transcription polymerase chain reaction.
Results: Both methods demonstrated the ability of DENV to replicate in all cell lines, with
viral titers ranging from 1 × 102 to 1 × 107 infectious units per mL. Cell line susceptibility to
DENV infection was strain-specific, with DENV-4 strains infecting more cell lines than the
other serotypes. DENV-2 New Guinea C and DENV-4 H241 were detected in more cell lines
than any other strains. Viral fusion assays indicated that DENV requirements for fusion are
strain-specific.
Conclusion: These data indicate that several cell lines can be used to culture and study DENV.
The strain-specific susceptibility for certain cell lines may provide a tool for characterizing
specific DENV strains and an in vitro platform for the development and optimization of therapeutics, the study of host-pathogen interactions, and ecological studies on the cocirculation of
DENV strains in a specific region or individual.
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Globally, dengue viruses (DENV) are major re-emerging pathogens that are the
most common and important public health threat from mosquito-borne viruses.
Although a vaccine for DENV is in Phase III clinical trials, the development of
interventions and therapeutics remains a high priority because mounting evidence indicates that understanding variation in the ecology and epidemiology of
DENV serotypes and strains is important for the development of effective control
programs.1–4 Recent work has indicated that the affinity of DENV for cell lines is
serotype-specific.5 Variations in host range or infection requirements for DENV
serotypes would have significant implications for the development of treatments
and the control of the virus. We sought to determine if DENV infectivity was
strain-specific in cell culture by evaluating the host range of 11 unique DENV
strains in 17 distinct cell lines.

Virus Adaptation and Treatment 2013:5 1–9
© 2013 Barr and Anderson, publisher and licensee Dove Medical Press Ltd. This is an Open Access
article which permits unrestricted noncommercial use, provided the original work is properly cited.

1

Dovepress

Barr and Anderson

Materials and methods
Cells and viruses
All cell lines were obtained from the American Type Culture
Collection (Manassas, VA, USA) and cultured in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% (v/v) fetal
bovine serum, 1% (v/v) L-glutamine, 1% (v/v) nonessential
amino acids, 1% (v/v) sodium pyruvate, 100 U/mL penicillin,
and 100 µg/mL streptomycin, and housed in a 37°C incubator
with 5% CO2. Table 1 describes the cell lines used. Eleven
strains of DENV from the four serotypes were obtained
from the World Reference Center for Emerging Viruses and
Arboviruses, the Walter Reed Army Institute of Research,
and BEI Resources. All strains were isolated from patients
clinically diagnosed with dengue fever or dengue hemorrhagic fever. This panel of viruses included the four dengue
prototype strains, DENV-1 Hawaii, DENV-2 New Guinea C,
DENV-3 H87, and DENV-4 H241, which are used in most
in vitro and basic research of DENV. The panel also included
four prototype strains from the Walter Reed Army Institute
of Research, ie, DENV-1 WestPac-74, DENV-2 s16803,
DENV-3 CH5548904500, and DENV-4 941750. The final
three strains of the panel were field isolates from South
America and Malaysia. Table 2 provides a more complete
description of the viruses used in this research.

Infection of cells with dengue viruses
All infections were performed using 24-well standard cell
culture plates seeded with cells to reach 90% confluency upon
infection. Individual wells were inoculated with 10,000 infectious units (IU) of a DENV strain in Dulbecco’s Modified

Eagle’s Medium and then rocked at 37°C for one hour, after
which the inoculum was removed, the cells were rinsed twice
with sterile phosphate-buffered solution, then overlaid with
1 mL of Dulbecco’s Modified Eagle’s Medium (10% fetal
bovine serum, 1% glutamine, 1% nonessential amino acids,
100 mg/mL penicillin/streptomycin, 1% sodium pyruvate),
and placed in a 37°C incubator with 5% CO2. The culture
supernatant was collected at one hour and at 5 days postinfection.

Detection of DENV
DENV was detected in cell culture supernatants via quantitative real-time polymerase chain reaction, as described
previously.5 Virus in the culture supernatants was measured because DENV is not mature or infectious until its
membrane protein is cleaved during exocytosis. The primers used to detect DENV were from Chutinimitkul et al,6
ie, Den_F (TTAGAGGAGACCCCTCCC) and Den_R
(TCTCCTCTAACCTCTAGTCC). These primers amplify
the 3′-UTR region, which has been shown to be the most
conserved region of the genome of the four serotypes.6 Three
independent assays were amplified in duplicate. Sample averages were normalized to the noninfected control, and those
that were quantified with a relative titer of at least 100 IU/mL
were considered to be positive for DENV infection. DENV
infection was verified in cells via i mmunostaining of
infected cell lines, as described elsewhere.7 Here, virus foci
were detected using specific mouse monoclonal antibodies
from hybridoma 2H2 (Millipore, Bedford, MA, catalog
#MAB8705) and D1-11(3) (Thermo Fisher Scientific Inc,

Table 1 Cell lines evaluated for susceptibility to dengue virus infection
Cell line

Common name

Species

Morphology

References

TB 1 Lu
DF-1
Sf 1 Ep
EA.hy.926
CRFK
E.Derm
FoLu
Pl 1 ut
OHH1.K
OK
MDOK
DN 1 Tr
PK(15)
LLC-MK2
BT
MDCK
WCH-17
Mv 1 Lu

Free-tailed bat
Chicken
Cottontail rabbit
Human
Domestic cat
Horse
Grey fox
Raccoon
North American mule deer
Virginia opossum
Sheep
Nine-banded armadillo
Domestic pig
Rhesus monkey
Cow
Domestic dog
Eastern woodchuck
American mink

Tadarida brasiliensis
Gallus gallus
Sylvilagus floridanus
Homo sapiens
Felis catus
Equus caballus
Urocyon cineroargenteus
Procyon lotor
Odocoileus hemionus hemionus
Didelphis marsupialis virginiana
Ovis aries
Dasypus novemcinctus
Sus scrofa
Macaca mulatta
Bos taurus
Canis familiaris
Marmota monax
Neovison vison

Lung epithelial
Embryonic fibroblast
Epidermis epithelial
Vascular endothelial
Kidney epithelial
Dermis fibroblast
Lung fibroblast
Uterus fibroblast
Kidney fibroblast
Kidney epithelial
Kidney epithelial
Trachea fibroblast
Kidney epithelial
Kidney epithelial
Turbinate
Kidney epithelial
Liver epithelial
Lung epithelial

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
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Table 2 Dengue virus strains used to determine if infectivity is strain-specific in cell culture
Strain

Year isolated

Location

Notes

Provider

References

DENV-1 Hawaii
DENV-2 New Guinea C
DENV-3 H87
DENV-4 H241
DENV-1 BC-89/94
DENV-2 BC-100/98
DENV-3 BC-14-97
DENV-1 WestPac-74
DENV-2 s16803
DENV-3 CH5548904500
DENV-4 341750

1944
1944
1956
1956
1994
1998
1997
1974
1974
1973
1982

Hawaii
New Guinea
Philippines
Philippines
Costa Rica
Bolivia
Malaysia
Nauru Island
Thailand
Thailand
Columbia

Human
Human
Human-DHF
Human-DHF
Human
Human
Human
Human
Human-DHF
Human
Human

WRCEVA
WRCEVA
WRCEVA
WRCEVA
BEI resources
BEI resources
BEI resources
WRAIR
WRAIR
WRAIR
WRAIR

68
68
69
69
D. Gubler
D. Gubler
D. Gubler
70
70,71

Waltham, MA, USA, catalog # MA1-27093) because not all
strains could be detected with the 2H2 monoclonal alone or
the D1-11 monoclonal alone. These monoclonal antibodies
were chosen because they are commercially available and
detect all four DENV serotypes without any cross-reactivity
with other flaviviruses.

Fusion inhibition assay
To determine if DENV fusion was pH-dependent, we blocked
the pH drop that occurs in the cellular endosome during viral
fusion, as described elsewhere.6,7 Briefly, LLC-MK2 cells
were pretreated with blocking medium (Dulbecco’s Modified Eagle’s Medium, 0.2% bovine serum albumin, 10 mM
HEPES, 20 mM NH4Cl, pH 8) for 2 hours at 37°C, and the
cells were then infected with 10,000 IU of virus in the presence of 50 mM NH4Cl and incubated for one hour at 37°C.
The cultures were then rinsed with phosphate-buffered
solution and incubated in blocking medium at 37°C. Control
treatments were incubated in Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum at 37°C. Cell culture
supernatants were harvested 48 hours post-infection to
determine extracellular virus yields by quantitative real-time
polymerase chain reaction. Results are expressed as the average of three independent trials amplified in duplicate. DENV
infection was also detected via immunostaining the cell
monolayers, as described above.

Results
Dengue virus infectivity is strain-specific
Eleven distinct DENV strains from three collections were
selected to investigate if DENV infectivity is strain-specific.
Cell lines with a normalized log titer of 2.0 (100 IU/mL) or
greater were considered to be positive for DENV infection.
All 17 cell lines tested for DENV infection showed positive
cycle threshold values for at least one DENV strain based
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upon quantitative real-time polymerase chain reaction data
at 5 days post-infection (Table 2). This was based upon a
standard curve analysis using known virus concentrations,
as well as confirmation of viable virus via immunostaining
of the infected cell monolayers. Relative titers of positive
samples were found to be in the exponential range of 1 × 101
to 1 × 107 IU/mL; however, we gated the results of positive
samples at a minimum virus output of 2 logs because an
output of 10 IU/mL is not really useful for most virological
experiments.
Of the 11 DENV strains, DENV-2 NGC and DENV-4
H241 had the highest infectious capacity and showed positive
cycle threshold values in all but two of the cell lines tested
(Table 2). DENV-2 s16803 and DENV-3 H87 showed the
lowest infectious capacity and were found to replicate in
five cell lines each. The CRFK cell line was the only cell
line to show positive cycle threshold values for all 11 strains,
although the OHH1.K, Mv 1 Lu, PK(15), and E.Derm cell
lines could support most DENV strains, the SF 1 ep, WCH17, and EA.hy.926 cell lines were able to support no more
than three DENV strains, and the MDCK and DF-1 cell lines
were the least competent cell lines, being susceptible to only
one DENV strain and producing roughly half as much output
virus as any other cell line (Table 3, P , 0.001).

Replication potential of DENV is host
cell-dependent
The amount of output virus that a DENV strain was capable
of producing was dependent on the host cell. DENV-1 HI
was detected in seven cell lines, with an output range from
100 IU/mL (OHH1.K) to 10,000 IU/mL (E.Derm), as shown
in Figure 1. DENV-1 West-Pac produced the most virus overall
compared with DENV-1 HI and DENV-1 BC89/94. This strain
had the greatest output in PK(15) cells, whereas DENV-1
BC 89/94 had the lowest output in PK(15) cells (Figure 1).
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Figure 1 Normalized relative titers of DENV (mean ± standard error of the mean) produced from cell culture supernatants of 17 cell lines collected 5 days post-infection.
Note: Relative viral titers of infected cell lines were calculated according to a standard curve created using a serial dilution technique of known viral concentrations.

DENV-2 New Guinea C had the highest replication potential
of all strains tested (Figure 1). When compared with the two
other DENV-2 strains, DENV-2 New Guinea C produced
twice as much output virus as DENV-2 BC 100/98 and three
times that of DENV-2 s16801. DENV-2 New Guinea C produced the highest titers in PK(15) cells and the lowest titers
in MDCK cells. DENV-2 BC 100/98 had the lowest titers
in PK(15) cells and the highest in E.Derm cells (Figure 1).
DENV-2 s16801 did not replicate above 1000 IU/mL in any
cell line tested, and showed the greatest output in MDOK cells
(Figure 1). DENV-3 H87 had five hosts in cell culture and
produced the most IU in E.Derm and Mv 1 Lu cells. DENV-3
BC 14/97 also produced the most output virus in E.Derm
cells. DENV-3 CH5548904500 produced the most output
virus in CRFK and PK(15) cells (Figure 1). DENV-4 341750
produced the most output virus in MDOK, OHH1.K, and OK
cells, whereas DENV-4 H241 produced the most output virus
in E. Derm, MV 1 Lu, BT, and PK(15) cells (Figure 1). In
respect to the host cells, E.Derm cells accommodated the most
output virus of all strains considered (P = 0.027).

DENV fusion pathways are strain-specific
Studies have shown that DENV can exploit two main pathways for internalization into the cytoplasm after receptor
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binding, ie, membrane fusion within intracellular vesicles,
which is pH-dependent, or membrane fusion with the cell
surface, which is pH-independent.8,10,11 Ammonium chloride
was used to raise the pH of the intracellular acidic vesicle
and inhibit pH-dependent fusion pathways (Figure 2). The
data show that five of the 11 strains tested were not inhibited
Low pH

High pH

Fusion
inhibited

Fusion not
inhibited

Figure 2 Not all DENV strains require an acidic endosome to infect a target cell as
determined by a viral fusion inhibition assay.
Note: The figure illustrates the infectious capacity of a DENV strain that requires
an acidic endosome and a DENV strain that does not.
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by lack of an acidic environment in the endosome (Table 4).
We compared features of origin (P = 0.807546), serotype
(P = 0.538369), age of strain (P = 0.464023), current location
(P = 0.4784), and host number (P = 0.232245), and found
no significant differences between the strains that require
pH-dependent fusion and those that do not.

Discussion
Susceptibility of cell lines to DENV
is strain-specific
Our data show that DENV infects numerous cell lines and
that infectivity is strain-specific in cell culture. Although
in vitro work does not always reflect in vivo systems, our
results raise some challenging questions regarding the basic
biology of DENV and the definition of viral host. The strainspecific host susceptibility we observed may provide insights
into the basic ecology of DENV, that include cocirculation
of DENV strains as well as the establishment and displacement of DENV strains in a geographic area. The in vitro
susceptibility we observed may help define the search for
potential reservoirs. Furthermore, persistence of DENV in a
location during interepidemic periods might be explained by
the susceptibility of nonprimate animals to a specific strain
of DENV. For instance, the data here show that Tb 1 Lu
(bat) cells are susceptible to eight of the 11 DENV strains.
This is supported by studies that have shown that bats are
susceptible to DENV in vivo12 and serve as reservoirs for
DENV circulating in the human population.13–15

Production potential of DENV
is host-dependent
For this experiment, although all cell lines treated were
infected with the same amount of virus, the magnitude
of output virus varied by individual cell line (Figure 2).
Furthermore, the production potential of DENV strains
within a serotype differed in response to the host cell. For
instance, E.Derm cells produced roughly 1 × 106 IU of
DENV-2 New Guinea C, 3.6 × 103 IU of DENV-2 BC100/98,
and no DENV-2 s16801. The same trend was observed for
these DENV-2 strains in PK(15), FoLu, BT, Tb 1 Lu, SF-1,
and Mv 1 Lu cells. Pl 1 ut, OHH1.K, MDOK, and OK cells
produced more DENV-2 s16801 than DENV-2 BC100/98.
OK cells produced more DENV-1 West-Pac and DENV-4
341750 than any other strain. Only DF-1 cells produced
detectable quantities of DENV-1 West-Pac, and MDCK cells
produced only DENV-2 New Guinea C. These features suggest that there may be cell-specific factors that impact virus
entry, exit, or replication.

Virus Adaptation and Treatment 2013:5
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A major requirement of a suitable DENV host is the
presence of appropriate cell receptors to initiate binding and
uptake of virus into the cell. The attachment requirements
for DENV are serotype-specific and differ depending on the
target cell.16,17 In mammalian cells, there are many molecules
that may be involved in receptor-mediated binding of DENV
to the host cell, including DC-SIGN,18 laminin receptor,19
mannose receptor,20 GRP78,21 heat shock proteins,22 and
ανβ3 integrin.23 Furthermore, there are residues on the
DENV envelope that are involved with cell surface binding.24
Because of inconsistent entry routes of DENV into mosquito
and mammalian cells combined with inconsistent or divergent
entry mechanisms among the serotypes, serotype-specific
exploitation of alternative receptors has been hypothesized.24
This host-dependent viral output could be useful in identifying
receptors and characterizing attachment of DENV to cells.
Host-dependent factors for DENV replication also play
a significant role in defining a competent host. After attachment and entry into the host cell, the DENV RNA that has
positive polarity is translated at the rough endoplasmic
reticulum where the viral polyprotein is formed. Hostdependent factors that impact DENV replication include the
endoplasmic reticulum-associated degradation pathway, the
ubiquitin-proteasome system, the focal adhesion complex,
the unfolded protein response, and the subunits of vacuolar
ATPase.25–29 Other host-dependent factors, such as lipids,
lipid metabolism, autophagy, and immune response, have
been shown to impact DENV replication.30–34 Although
genome-wide screens have identified hundreds of host factors
that impact DENV replication,26,27,35 the mechanisms of how
these host-dependent factors function are largely unknown.
Host-dependent DENV output could be useful in defining
mechanisms involved in DENV replication.
The assembly of DENV virions occurs in the membrane
of the rough endoplasmic reticulum, where immature virions
bud into the lumen of the endoplasmic reticulum and are transported out of the cytoplasm through the secretory pathway.36–39
During exit in the trans-Golgi apparatus, the membrane protein is cleaved by furin or furin-like protease which results in
the formation of mature virions.40–44 Relatively little is known
about DENV or host factors that are involved in the assembly
and exit processes although recent studies indicate that the
envelope and membrane proteins may play a role.45–47

DENV fusion requirements
are strain-specific
There are four well-known entry routes that are available
for flaviviruses, ie, phagocytosis, macropinocytosis, and
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Table 3 Cell lines positive for DENV infection as determined by quantitative real-time polymerase chain reaction of cell culture
supernatant and immunostaining of infected cells
DENV-1
MDOK
OHH1.K
SF 1 ep
Pl 1 ut
Dn 1 Tr
FoLu
WCH-17
Tb 1 Lu
Mv 1 Lu
CRFK
PK(15)
MDCK
E.Derm
DF-1
OK
EA.hy.926
BT

DENV-2

DENV-3

DENV-4

HI

West Pac

BC89/94

NGC

s16803

BC100/98

H87

CH5548904500

BC14/97

H241

341750

+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
-

+
+
+
+
+
+
+
+

+
+
+
+
+

+
+
+
+
+
+
+
+
-

+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

Note: Cell lines with a mean normalized titer of $100 IU/mL were considered to be positive for DENV infection.
Abbreviations: DHF, dengue hemorrhagic fever; WRAIR, Walter Reed Army Institute of Research; WRCEVA, World Reference Center for Emerging Viruses and
Arboviruses.

clathrin-mediated and caveolae-mediated endocytosis.
Phagocytosis and macropinocytosis are pH-independent
whereas endocytosis via clathrin or caveolae is not. The
entry of DENV into a host cell is usually dependent upon
clathrin-mediated endocytosis.11,48 Furthermore, fusion of the
viral membrane with the host cell requires conformational
changes to the viral envelope glycoprotein that are induced
by low pH.49,50 Although alternative infectious pathways for
DENV have been described,8,51 it is agreed that an acidic
pH is necessary for successful DENV fusion with the host
cell.8,9,48,49,52 There are very few reports that address the entry
mechanisms utilized by strains other than DENV-2 New
Guinea C and DENV-1 HI. In addition, the events, pathways, and requirements that lead up to and result in DENV
internalization into a host cell are incongruent and not well
studied. The data here show that five of the 11 DENV strains

were able to fuse with a host cell in the absence of low pH
(Table 3). This suggests that individual DENV strains may
be using phagocytosis, macropinocytosis, direct penetration
into the cytoplasm, or some other uncharacterized pathway
to enter the target cell.
The mechanism of entry used by DENV to fuse with a
target cell is a function of the tertiary protein structure and
glycosylation sites of the envelope glycoprotein which is
based on the nucleic acid sequence of the glycoprotein gene.
It has been shown that differences in the amino acid sequence
of the envelope glycoprotein are associated with significant
changes in pathogenicity, clinical presentation, resistance,
and hydrophobic/hydrophilic properties.53–56 It could be that
minor conformational differences between the glycoproteins
of the DENV strains are contributing to strain-specific cell
fusion requirements.

Table 4 Viral output of cells, expressed in log titers (mean ± standard error of the mean), after treatment with ammonium chloride
to block low pH-mediated viral fusion pathways
DENV-1
Fusion
blocked
Untreated
P

DENV-2

HI

West Pac BC89/94

3.2 ± 0.1

3.7 ± 0.06

3.46 ± 0.7 6.0 ± 0.22
0.437654* 0.000175

NGC

DENV-3
S16803

BC100/98 H87

DENV-4
CH5548904500 BC14/97 H241

341750

3.78 ± 0.03 5.7 ± 0.04 4.9 ± 0.04 3.2 ± 0.5

2.5 ± 0.09 4.1 ± 0.08

3.0 ± 0.2

4.98 ± 0.5
0.043922

4.3 ± 0.05 4.8 ± 0.12
1.616E-05 0.002327

2.95 ± 0.3 5.3 ± 0.05 6.7 ± 0.02
0.794825* 3.59E-05 0.001351

6.9 ± 0.05 5.4 ± 0.12 3.78 ± 0.2
3.14E-07 0.00619 0.120598*

4.3 ± 0.08 5.74 ± 0.2

Note: *Fusion of the DENV strain with the target cell was not inhibited in the absence of an acidic endosome, as determined by the Student’s t-test.
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Conclusion
DENV grow well in various animal cell lines, suggesting that
animals may play a larger role than we previously believe in
the preservation and spread of DENV in the environment. Our
data support other reports showing that bats may serve as hosts
for DENV and that DENV serotypes exploit unique cell entry
pathways. Perhaps there is much more to learn about DENV
entry into host cells and alternative animal hosts. Although these
experiments raise some challenging questions, there are limitations to this study, which should be addressed. For instance,
the strain-specific infectivity we observed may be a function
of the DENV strains that were used for the experiments. These
strains may not accurately reflect the characteristics of DENV
currently circulating or that of other laboratory-adapted strains.
Finally, the behavior of DENV in the laboratory does not reflect
the behavior of DENV in its natural environment.

Acknowledgments
We thank Dr Gray for the generous use of the BioRad IQ5 and
KingFisher platform. We are grateful for the collaboration
with Barry Alto at the Florida Medical Entomology Laboratory, John Lednicky at the University of Florida, and Robert
Tesh at WRCEVA-UTMB for sharing his DENV isolates.
This work was funded through the generous support of the
Emerging Pathogens Institute at the University of Florida.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Arbuthnot P. Harnessing RNA interference for the treatment of viral
infections. Drug News Perspect. 2010;23:341–350.
2. Ubol S, Halstead S. How innate immune mechanisms contribute to
antibody-enhanced viral infections. Clin Vaccine Immunol. 2010;17:
1829–1835.
3. Julander J, Perry S, Shresta S. Important advances in the field of antidengue virus research. Antivir Chem Chemother. 2011;21:105–116.
4. Rothman A. Immunity to dengue virus: a tale of original antigenic sin
and tropical cytokine storms. Nat Rev Immunol. 2011;11:532–543.
5. Barr K, Anderson B, Heil G, Friary J, Gray G, Focks D. Dengue serotypes
1–4 exhibit unique host specificity in vitro. Virus Adapt Res. 2012;4:
65–73.
6. Chutinimitkul S, Payungporn S, Theamboonlers A, Poovorawan Y.
Dengue typing assay based on real-time PCR using SYBR Green I.
J Virol Methods. 2005;129:8–15.
7. Das S, Garver L, Ramirez JR, Xi Z, Dimopoulos G. Protocol for
dengue infections in mosquitoes (A. aegypti) and infection phenotype
determination. J Vis Exp. 2007;5:220.
8. Acosta E, Castilla V, Damonte E. Alternative infectious entry pathways
for dengue serotypes into mammalian cells. Cell Microbiol. 2009;11:
1533–1549.
9. Liao M, Kielian M. Domain III from class II fusion proteins functions
as a dominant-negative inhibitor of virus membrane fusion. J Cell Biol.
2005;171:111–120.

Virus Adaptation and Treatment 2013:5

Dengue host range in vitro
10. Swanson J, Watts C. Macropinitosis. Trends Cell Biol. 1995;5:
424–428.
11. Acosta E, Castilla V, Damonte E. Functional entry of dengue virus into
Aedes albopictus mosquito cells is dependent on clathrin-mediated
endocytosis. J Gen Virol. 2008;89:474–484.
12. Reagan R, Brueckner A. Studies of dengue fever virus in the cave bat
(Myotis lucifugus). J Infect Dis. 1952;91:145–146.
13. Zhang H, Yang X, Li G. Detection of dengue virus genome RNA in some
kinds of animals caught from dengue fever endemic areas in Hainan
Island with reverse transcription-polymerase chain reaction. Zhonghua
Shi Yan He Lin Chuang Bing Du Xue Za Zhi. 1998;12:226–228.
14. Aguilar-Setién A, Romero-Almaraz M, Sánchez-Hernández C,
et al. Dengue virus in Mexican bats. Epidemiol Infect. 2008;136:
1678–1683.
15. Platt K, Mangiafico J, Rocha O, et al. Detection of dengue virus neutralizing antibodies in bats from Costa Rica and Ecuador. J Med Entomol.
2000;37:965–967.
16. Hidari K, Suzuki T. Dengue virus receptors. Trop Med Health.
2011;39:37–43.
17. Bielefeldt-Ohmann H, Meyer M, Fitzpatrick D, Mackenzie J. Dengue
virus binding to human leukocyte cell lines: receptor usage differs
between cell types and virus strains. Virus Res. 2001;73:81–89.
18. Tassaneetrithep B, Burgess T, Granelli-Piperno A, et al. DC-SIGN
(CD209) mediates dengue virus infection of human dendritic cells.
J Exp Med. 2003;197:823–829.
19. Thepparit C, Smith D. Serotype-specific entry of dengue virus into
liver cells: identification of the 37-kilodalton/67-kilodalton highaffinity laminin receptor as a dengue virus serotype 1 receptor. J Virol.
2004;78:12647–12656.
20. Miller J, de Wet B, Martinez-Pomares L, et al. The mannose receptor mediates dengue virus infection of macrophages. PLoS Pathog.
2008;4:e17.
21. Upanan S, Kuadkitkan A, Smith D. Identification of dengue virus
binding proteins using affinity chromatography. J Virol Methods.
2008;151:325–328.
22. Reyes-del Valle J, Chavez-Salina S, Medina F, del Angel R. Heat shock
protein 90 and heat shock protein 70 are components of dengue virus
receptor complex in human cells. J Virol. 2005;79:4557–4567.
23. Zhang J, Wang J, Gao N, Chen Z, Tian Y, An J. Upregulated expression
of beta3 integrin induced by dengue virus serotype 2 infection associated
with virus entry into human dermal microvascular endothelial cells.
Biochem Biophys Res Commun. 2007;356:763–768.
24. Watterson D, Kobe B, Young P. Residues in domain III of the dengue
virus envelope glycoprotein involved in cell-surface glycosaminoglycan
binding. J Gen Virol. 2012;93:72–82.
25. Duan X, Lu X, Li J, Liu M. Novel binding between pre-membrane
protein and vacuolar ATPase is required for efficient dengue virus
secretion. Biochem Biophys Res Commun. 2008;373:319–324.
26. Krishnan M, Ng A, Sukamaran B, et al. RNA interference screen
for human genes associated with West Nile virus infection. Nature.
2008;455:242–245.
27. Sessions O, Barrows N, Souza-Neto J, et al. Discovery of insect and
human dengue virus host factors. Nature. 2009;458:1047–1050.
28. Peña J, Harris E. Dengue virus modulates the unfolded protein response
in a time-dependent manner. J Biol Chem. 2011;286:14226–14236.
29. K a n l ay a R , Pa t t a n a k i t s a k u l S , S i n c h a i k u l S , C h e n S ,
Thongboonkerd V. The ubiquitin-proteasome pathway is important for
dengue virus infection in primary human endothelial cells. J Proteome
Res. 2010;9:4960–4971.
30. Samsa M, Mondotte J, Iglesias N, et al. Dengue virus capsid protein
usurps lipid droplets for viral particle formation. PLoS Pathog.
2009;5:e1000632.
31. Heaton N, Randall G. Dengue virus and autophagy. Viruses. 2011;3:
1332–1341.
32. Lee Y, Lei H, Liu M, et al. Autophagic machinery activated by dengue
virus enhances virus replication. Virology. 2008;374:216–225.

submit your manuscript | www.dovepress.com

Dovepress

Powered by TCPDF (www.tcpdf.org)

7

Barr and Anderson
33. Khakpoor A, Panyasrivanit M, Wikan N, Smith D. A role for autophagolysosomes in dengue virus 3 production in HepG2 cells. J Gen Virol.
2009;90:1093–1103.
34. Panyasrivanit M, Khakpoor A, Wikan N, Smith D. Linking dengue
virus entry and translation/replication through amphisomes. Autophagy.
2009;5:434–435.
35. Fink J, Gu F, Ling L, et al. Host gene expression profiling of dengue virus
infection in cell lines and patients. PLoS Negl Trop Dis. 2007;1:e86.
36. Lindenbach BD, Prágai BM, Montserret R, et al. The C terminus of
hepatitis C virus NS4A encodes an electrostatic switch that regulates
NS5A hyperphosphorylation and viral replication. J Virol. 2007;81:
8905–8918.
37. Mackenzie JM, Westaway EG. Assembly and maturation of the flavivirus Kunjin virus appear to occur in the rough endoplasmic reticulum
and along the secretory pathway, respectively. J Virol. 2001;75:
10787–10799.
38. Mukhopadhyay S, Kuhn RJ, Rossmann MG. A structural perspective
of the flavivirus life cycle. Nat Rev Microbiol. 2005;3:13–22.
39. Welsch S, Miller S, Romero-Brey I, et al. Composition and threedimensional architecture of the dengue virus replication and assembly
sites. Cell Host Microbe. 2009;5:365–375.
40. Keelapang P, Sriburi R, Supasa S, et al. Alterations of pr-M cleavage
and virus export in pr-M junction chimeric dengue viruses. J Virol.
2004;78:2367–2381.
41. Murray JM, Aaskov JG, Wright PJ. Processing of the dengue virus
type 2 proteins prM and C-prM. J Gen Virol. 1993;74(Pt 2):175–182.
42. Stadler K, Allison SL, Schalich J, Heinz FX. Proteolytic activation of
tick-borne encephalitis virus by furin. J Virol. 1997;71:8475–8481.
43. Wang S, He R, Anderson R. PrM- and cell-binding domains of the
dengue virus E protein. J Virol. 1999;73:2547–2551.
44. Yu IM, Zhang W, Holdaway HA, et al. Structure of the immature dengue virus at low pH primes proteolytic maturation. Science. 2008;319:
1834–1837.
45. Hsieh SC, Zou G, Tsai WY, et al. The C-terminal helical domain of
dengue virus precursor membrane protein is involved in virus assembly
and entry. Virology. 2011;410:170–180.
46. Lin SR, Zou G, Hsieh SC, et al. The helical domains of the stem region
of dengue virus envelope protein are involved in both virus assembly
and entry. J Virol. 2011;85:5159–5171.
47. de Wispelaere M, Yang PL. Mutagenesis of the DI/DIII linker in
dengue virus envelope protein impairs viral particle assembly. J Virol.
2012;86:7072–7083.
48. van der Schaar HM, Rust M, Chen C, et al. Dissecting the cell entry
pathway of dengue virus by single-particle tracking in living cells. PLoS
Pathog. 2008;4:e1000244.
49. Harrison S. The pH sensor for flavivirus membrane fusion. J Cell Biol.
2008;183:177–179.
50. Fritz R, Stiasny K, Heinz F. Identification of specific histidines as pH sensors in flavivirus membrane fusion. J Cell Biol. 2008;183:353–361.
51. Lim H, Ng M. A different mode of entry by dengue-2 neutralisation
escape mutant virus. Arch Virol. 1999;144:989–995.
52. Smit J, Moesker B, Rodenhuis-Zybert I, Wilschut J. Flavivirus cell
entry and membrane fusion. Viruses. 2011;3:160–171.
53. Holzmann H, Heinz F, Mandl C, Guirakhoo F, Kunz C. A single amino
acid substitution in envelope protein E of tick-borne encephalitis virus
leads to attenuation in the mouse model. J Virol. 1990;64:5156–5159.
54. Lobigs M, Usha R, Nestorowicz A, Marshall I, Weir R, Dalgarno L.
Host cell selection of Murray Valley encephalitis virus variants altered
at an RGD sequence in the envelope protein and in mouse virulence.
Virology. 1990;176:587–595.
55. Cecelia D, Gould E. Nucleotide changes responsible for loss of neuroinvasiveness in Japanese encephalitis virus neutralization-resistant
mutants. Virology. 1991;18:70–75.
56. Gritsun T, Lashkevich V, Gould E. Nucleotide and deduced amino
acid sequence of the envelope glycoprotein of Omsk haemorrhagic fever virus: comparison with other flaviviruses. J Gen Virol.
1993;74:287–291.

8

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

Dovepress
57. Pătraşcu I. Bovine leukemia virus. VII. In vitro replication of virus in
bat lung cell culture NBL BLV 2. Virologie. 1988;39:199–205.
58. Foster D, Foster L, Inventors. Immortalized cell lines for virus growth;
1997.
59. Pasternak A, Miller W. First-order toxicity assays for eye irritation
using cell lines: parameters that affect in vitro evaluation. Fundam
Appl Toxicol. 1995;25:253–263.
60. Edgell C, McDonald C, Graham J. Permanent cell line expressing
human factor VIII-related antigen established by hybridization. Proc
Natl Acad Sci U S A. 1983;80:3734–3737.
61. Crandell R, Fabricant C, Nelson-Rees W. Development, characterization, and viral susceptibility of a feline (Felis catus) renal cell line
(CRFK). In Vitro. 1973;9:176–185.
62. Rhim J, Ro H, Kim E, Gilden R, Huebner R. Transformation of horse skin
cells by type-C sarcoma viruses. Int J Cancer. 1975;15:171–179.
63. Matsuda M, Matsuda N, Watanabe A, Fujisawa R, Yamamoto K,
Masuda M. Cell cycle arrest induction by an adenoviral vector
expressing HIV-1 Vpr in bovine and feline cells. Biochem Biophys Res
Commun. 2003;311:748–753.
64. Löffler S, Lottspeich F, Lanza F, Azorsa D, Meulen VT, SchneiderSchaulies J. CD9, a tetraspan transmembrane protein, renders cells
susceptible to canine distemper virus. J Virol. 1997;71:42–49.
65. Shukla P, Nguyen H, Torian U, et al. Cross-species infections of cultured cells by hepatitis E virus and discovery of an infectious virus-host
recombinant. Proc Natl Acad Sci U S A. 2011;108:2438–2443.
66. Koyama H, Goodpasture C, Miller M, Teplitz R, Riggs A. Establishment
and characterization of a cell line from the American opossum
(Didelphys virginiana). In Vitro. 1978;14:239–246.
67. Madin S, Darby N. Established kidney cell lines of normal adult bovine
and ovine origin. Proc Soc Exp Biol Med. 1958;98:574–576.
68. Amborski R, LoPiccolo G, Amborski G. Development of an established
cell line derived from Dasypus novemcinctus (armadillo), a laboratory
animal susceptible to infection by Mycobacterium leprae. Experientia.
1974;30:546–548.
69. Pirtle E, Woods L. Cytogenetic alterations in swine kidney cells persistently infected with hog cholera virus and propagated with and without
antiserum in the medium. Am J Vet Res. 1968;29:153–164.
70. Hull R, Cherry W, Tritch O. Growth characteristics of monkey kidney
cell strains LLC-MK1, LLC-MK2, and LLC-MK2 (NCTC-3196) and
their utility in virus research. J Exp Med. 1962;115:903–918.
71. McClurkin A, Pirtle E, Coria M, Smith R. Comparison of low- and
high-passage bovine turbinate cells for assay of bovine viral diarrhea
virus. Arch Gesamte Virusforsch. 1974;45:285–289.
72. Gaush C, Hard W, Smith T. Characterization of an established line
of canine kidney cells (MDCK). Proc Soc Exp Biol Med. 1966;122:
931–935.
73. Schechter E, Summers J, Ogston C. Characterization of a herpesvirus isolated from woodchuck hepatocytes. J Gen Virol. 1988;69:
1591–1599.
74. Henderson I, Lieber M, Todaro G. Mink cell line Mv 1 Lu (CCL 64).
Focus formation and the generation of “nonproducer” transformed
cell lines with murine and feline sarcoma viruses. Virology. 1974;60:
282–287.
75. Sabin A. Research on dengue during World War II. Am J Trop Med
Hyg. 1952;1:30–50.
76. Hammon M, Rudnick A, Sather G. Viruses associated with epidemic
hemorrhagic fevers of the Philippines and Thailand. Science. 1960;131:
1102–1103.
77. Eckels K, Dubois D, Putnak R, et al. Modification of dengue virus
strains by passage in primary dog kidney cells: preparation of candidate
vaccines and immunization of monkeys. Am J Trop Med Hyg. 2003;69:
12–16.
78. Halstead S, Marchette N. Biologic properties of dengue viruses following serial passage in primary dog kidney cells: studies at the University
of Hawaii. Am J Trop Med Hyg. 2003;69:5–11.

Virus Adaptation and Treatment 2013:5

Dovepress

Dengue host range in vitro

Dovepress

Virus Adaptation and Treatment

Publish your work in this journal
Virus Adaptation and Treatment is an international, peer-reviewed open
access journal focusing on the study of virology, viral adaptation and
the development and use of antiviral drugs and vaccines to achieve
improved outcomes in infection control and treatment. The journal
welcomes original research, basic science, clinical & epidemiological

studies, reviews & evaluations, expert opinion and commentary, case
reports and extended reports. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/virus-adaptation-and-treatment-journal

Virus Adaptation and Treatment 2013:5

submit your manuscript | www.dovepress.com

Dovepress

Powered by TCPDF (www.tcpdf.org)

9

