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While several studies have shown a role for autophagy in the replication of dengue virus (DENV), these
studies have been performed in directly infected cells. However, in severe cases of DENV infection the critical
cell in the disease is believed to be monocytes which are poorly infected directly, but are highly susceptible to
antibody enhanced infection. This study sought to determine the involvement of autophagy in the DENV
infection of monocytic cells, using U937 cells as a model system.While the induction of autophagy was seen in
response to DENV-2 infection, biochemical induction of autophagy resulted in a significant decrease in virus
output. Down regulation of autophagy resulted in only a very slight increase in intracellular virus levels. In
monocytic cells autophagy is not a significant part of the DENV replication mechanism, and there are distinct
cell type specific differences in the DENV–autophagy interaction.
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Introduction

Dengue viruses (DENVs) are transmitted to humans by Aedes
mosquitoes and can cause an acute febrile illness with retro-orbital
pain, myalgia, arthralgia and hemorrhagic manifestation called
dengue fever (DF). In some infections the individual may develop
massive bleeding, thrombocytopenia, evidence of plasma leakage
such as pleural effusion, ascites and a rise of hematocrit called dengue
hemorrhagic fever (DHF). If the plasma leakage leads to hypovolemic
shock the syndrome is called dengue shock syndrome (DSS) which
has a high mortality rate (Gubler, 1998; Kurane, 2007). At present
specific treatments or a preventive vaccine for dengue infection is not
available, although appropriate supportive treatment significantly
reduces the mortality rate. However, the social and economic cost
from dengue infections is onerous due to the high incidence of
infection around the world (Mathers et al., 2007).

DENVs are enveloped positive single-stranded RNA viruses, consist-
ing of four heterologous serotypes termed DENV serotypes 1, 2, 3 and 4
(DENV-1 to 4). The viral genome is translated as a single polyprotein
which is co- and post-translationally processed into 3 structural
(envelope (E), pre-membrane (prM) and capsid (C)) proteins and 7
non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) proteins
(Henchal and Putnak, 1990; Perera and Kuhn, 2008). The virus enters
the host cells by receptor-mediated endocytosis (Krishnan et al., 2007;
Suksanpaisan et al., 2009; van der Schaar et al., 2007) where low-pH
conditions in the endosome induce uncoating of the viral genome
followed by translation and replication of the virus (Modis et al., 2004;
Mukhopadhyay et al., 2005).

The reason why some cases of DENV infection, but not all, develop
severe symptoms (DHF and DSS) has been widely studied, and both
virus and host factors have been proposed to contribute to the
pathogenesis of severe dengue (Murgue et al., 2000; Rico-Hesse,
2007; Vaughn et al., 2000; Wang et al., 2006). While previous reports
have implicated a role for specific genotypes or lineages in
determining severity (Murgue et al., 2000; Vaughn et al., 2000;
Wang et al., 2006), numerous studies have implicated second
infections with a heterologous DENV as being a major cause of a
more severe disease presentation, through the process termed
antibody dependent enhancement (ADE) of infection (Halstead
et al., 2010; Halstead and O'Rourke, 1977a; Halstead et al., 1980).
While lifelong immunity is generated against subsequent infections
with a homotypic virus, only transient protection is provided against
heterotypic infections (Guzman et al., 2000; Sangkawibha et al., 1984)
and it is believed that the presence of pre-existing sub-neutralizing
antibodies from a previous heterotypic infection facilitate entry of the
virus to Fc receptor-bearing cells such as monocytes, leading to
increased virus uptake and replication in these cells (Goncalvez et al.,
2007; Kliks et al., 1988). This model is strongly supported by a
retrospective seroepidemiologic study in Cuba of the 1981 DENV-2
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epidemic, which showed that 98% of patients with symptomatic
dengue infectionwere the consequence of secondary infections, while
97% of patients without illness (but with a positive serology test) were
primary infection (Guzman et al., 1990).

Several recent studies have shown that DENV infection activates
the cellular autophagy pathway (Heaton and Randall, 2010; Khakpoor
et al., 2009; Lee et al., 2008; Panyasrivanit et al., 2009). Autophagy is a
conserved lysosomal degradation pathway responsible for degrada-
tion of long life proteins and organelles tomaintain the homeostasis of
macromolecules in eukaryotic cells (Eskelinen and Saftig, 2009;
Levine and Klionsky, 2004; Meijer and Codogno, 2006). Autophagy
begins with sequestration of cytoplasmic materials inside a double
membrane vesicle called an autophagosome (Dunn, 1990a). This
structure can either directly fuse with lysosomes to form autophago-
lysosomes, or with endosomes to form amphisomes (Gordon and
Seglen, 1988) prior to fusion with lysosomes (Dunn, 1990b). Fusion of
autophagic vesicles with lysosomes leads to degradation of the
cytoplasmic materials (Mizushima, 2007). Two ubiquitin-like conju-
gations of autophagy (Atg) proteins are essential for autophagosome
formation. Firstly the covalent linkage between Atg5 and Atg12 is
crucial for elongation of the pre-autophagosomal membrane and
formation of the autophagosome (Mizushima et al., 1998) and
secondly the conjugation of microtubule-associated protein 1 light
chain 3 (LC3; Atg8) with phosphatidylethanolamine converts the
cytosolic form of LC3 (LC3-I) to the membrane bound LC3 (LC3-II)
form which integrates into the autophagosomal membrane (Ferraro
and Cecconi, 2007; Levine and Klionsky, 2004;Mizushima, 2007; Yang
and Klionsky, 2010). LC3 is commonly used as a marker to monitor
autophagy where the amount of LC3-II reflects the existence of
autophagosomes (Mizushima, 2004, 2007).

While studies on the interaction of DENV and the autophagic
machinery to date all propose that autophagy is activated during
DENV infection and that autophagy is required for efficient DENV
replication (Heaton and Randall, 2010; Khakpoor et al., 2009; Lee
et al., 2008; Panyasrivanit et al., 2009) the mechanics of the
interaction remain controversial. While we have previously proposed
that autophagic vacuoles can act as sites of replication for DENV
(Khakpoor et al., 2009; Panyasrivanit et al., 2009), other authors have
recently suggested that the induction of autophagy helps virus
replication through alterations in lipid metabolism and increase in
β-oxidation and generation of ATP (Heaton et al., 2010; Heaton and
Randall, 2010). However all of these studies have been undertaken
primarily on liver cell lines (Heaton and Randall, 2010; Khakpoor
et al., 2009; Lee et al., 2008; Panyasrivanit et al., 2009) and while the
liver and hepatocytes in particular are generally seen as a viable target
for DENV (reviewed in Smith and Khakpoor, 2009), monocytes are of
greater significance, particularly in the severe forms of dengue
(Halstead et al., 2010; Halstead and O'Rourke, 1977b; Kurane and
Ennis, 1992; Rothman and Ennis, 1999).

In this study we sought to characterize the interaction between
DENV and autophagy in monocytic cells, using the cell line U937 as a
model. These cells are poorly infected directly but are highly
permissive under ADE infection conditions, and are thus believed to
be a suitable model for secondary infection of monocytes (O'Sullivan
and Killen, 1994). While our results support the induction of
autophagy by DENV infection under ADE conditions, we found that,
in marked contrast to previous studies on directly infected cells
(Heaton and Randall, 2010; Khakpoor et al., 2009; Lee et al., 2008;
Panyasrivanit et al., 2009) induction of autophagy reduced viral yield
while inhibition of autophagy only slightly increased levels of the
virus. These results are somewhat similar to a defense interaction
between DENV and autophagy (but with significant differences) as
opposed to the subversive interaction seen in liver cells (Heaton and
Randall, 2010; Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit
et al., 2009), and indicate that the DENV/autophagy interaction has a
significant cell type specific component.
Results

Induction of autophagy in U937 cells

This study aimed to investigate the relationship between
autophagy and DENV-2 in monocytic cells, and used the human
monocytic cell line U937 as a model (O'Sullivan and Killen, 1994). To
confirm that the autophagy pathway was inducible in these cells,
cells were subjected to two well characterized autophagy induction
conditions, namely starvation and treatment with rapamycin (Noda
and Ohsumi, 1998). The induction of autophagy was observed by co-
immunofluorescence using antibodies against LC3 and a marker of
endosomal and lysosomal membranes, LAMP1, with co-localization
of these two markers indicating maturation of autophagic vacuoles
during autophagy. The cellular localization of these markers was
examined in control cells cultured under normal conditions, in cells
incubated in Earle's Balanced Salt Solution for 1 h (starvation
condition) and in cells cultured in the presence of 100 nM rapamycin
for 1 h. A significantly higher degree of co-localization between LC3
and LAMP1 was observed in both starved (mean Pearson correlation
coefficient 0.54, 95% confidence interval (CI) 0.51–0.57; Pb0.001)
and rapamycin (mean Pearson correlation coefficient 0.4, 95% CI
0.37–0.43; Pb0.001) treated cells compared to control cells (mean
Pearson correlation coefficient−0.01, 95% CI−0.05–0.03; Fig. 1(a)).

Induction of autophagy in response to DENV-2 infection in U937 cells

To determine whether autophagy was induced in response to
DENV infection, U937 cells were mock-infected or infected in the
presence of dilutions of the monoclonal antibody HB-114 (Henchal
et al., 1982) previously shown to result in at least 80% infection of cells
(20 p.f.u. per cell/1:200 final antibody dilution; Klomporn et al.,
2011). Cells were harvested at 1 to 3 days post infection (d.p.i) for
protein extraction and samples were analyzed for LC3 expression by
Western blotting. The autophagic membrane associated form of LC3
(LC3-II) in DENV-2 infected U937 cells increased on day 1, day 2 and
day 3 post infection in comparison to mock-infected cells (Fig. 1(b)),
suggesting induction of autophagy in DENV-2 infection. To show that
induction of autophagy results from DENV-2 infection, not physical
interaction of the viruses and cells, Western blot of LC3 was
performed in U937 cells infected with DENV-2 in the absence of
enhancing antibody (no ADE). Result showed no increase of LC3-II
level in non-ADE-DENV-2 infection as compared to mock-infection
(Fig. 1(c)). Localization of LC3 and LAMP1 was examined in mock-
infected and (ADE) DENV-2 infected U937 cells. A significant increase
in co-localization was observed in (ADE) DENV-2 infected U937 cells
(mean Pearson correlation coefficient 0.27, 95% CI 0.22–0.32;
P=0.021) compared to mock-infected cells (mean Pearson correla-
tion coefficient 0.13, 95% CI 0.04–0.22; Fig. 1(d)). Collectively these
results indicate that autophagy was induced in response to DENV-2
ADE-mediated infection of U937 cells.

Effect of autophagy induction and inhibition of autophagosome-
lysosome fusion on DENV-2 production

To further investigate the interaction between autophagy andDENV,
two autophagymodulatorswere used namely rapamycin, an autophagy
inducer (Noda and Ohsumi, 1998) and L-Asparagine (L-Asn), an
inhibitor of autophagosome–lysosome fusion (Hoyvik et al., 1991).
First, the effects of these two autophagy modulators in U937 cells were
confirmed. U937 cells were treated with either 100 nM rapamycin or
30 mML-Asn for 24 h and total proteinswere extracted and subjected to
Western blot analysis of LC3. An increase of LC3-II was observed
following rapamycin treatment compared to control indicating the
induction of autophagy, consistent with the LC3 and LAMP1 co-
localization analysis. LC3-II expression also increased following L-Asn



Fig. 1. Induction of autophagy in U937 cells in response to DENV-2 infection. (a) Immunofluorescence of LC3 (red) and LAMP1 (green) in U937 cells cultured in RPMI/10%FBS, 1×
EBSS (starvation) or 100 nM rapamycin/RPMI/10%FBS for 1 h. The fluorescent signals were observed under a confocal microscope. Representative merged, non contrast adjusted
images are shown. (b) and (c)Western blot of LC3 and actin from U937 cells mock-infected or ADE-infected with DENV-2 at 20 p.f.u. per cell (b) or DENV-2 infectedwith 20 p.f.u. per
cell without antibody (c) for 1–3 days p.i. (d) Immunofluorescence of LC3 (red) and LAMP1 (green) in U937 cells mock-infected or ADE-infected with DENV-2 at 20 p.f.u. per cell for
3 days. The fluorescent signals were observed under a confocal microscope. Representative merged, non contrast adjusted images are shown.
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treatment due to an accumulation of LC3-II following inhibition of
autophagosome–lysosome fusion (Fig. 2(a)).

To confirm that rapamycin and L-Asn were not toxic to U937 cells
prior to determining the effects on virus output, Annexin V/propidium
iodide (PI) staining was performed to determine the amount of cell
death in U937 cells treated with rapamycin and L-Asn at days 1 to 3
post treatment. Cells treated with 2.5% DMSO for 24 h were used as a
positive control. The percentage cell death was calculated from the
amounts of PI positive and Annexin V/PI positive cells. No toxicity of
these chemicals was observed in U937cells (Fig. 2(b)).

To determine the effect of rapamycin and L-Asn on DENV-2
production in U937 cells, the cells were infected with DENV-2 in the
presence of HB-114 as previously and in the presence or absence of
these two modulators. The culture supernatants and cells were
collected to determine extracellular and intracellular virus pro-
ductions at 1 to 3 d.p.i. Results showed a significant reduction of
both extracellular (P=0.001 at 2 and 3 d.p.i.) and intracellular
(Pb0.05 at 1, 2 and 3 d.p.i.) virus production in the presence of
rapamycin compared to DENV-2 infection in the absence of autophagy
modulators (Figs. 2(c) and (d)). Therefore, increased autophagy may
have deleterious effects on DENV-2 production in U937 cells.

DENV-2 infection in the presence of L-Asn resulted in a
marginal decrease of extracellular virus and similar level of
intracellular virus titer in comparison to DENV-2 infection in the
absence of autophagy modulators (Figs. 2(c) and (d)). This would
suggest that autophagosome–lysosome fusion has only a small
effect on DENV-2 production in U937 cells.

Effect of Vps34dn mediated autophagy inhibition on DENV-2 production

To further investigate the interaction between autophagy and
DENV in U937 cells we sought to down regulate autophagy to
determine the effect on virus production. The commonly used
biochemical autophagy inhibitor, 3-methyladenine, was signifi-
cantly toxic to U937 cells at 5–10 mM (data not shown) which is
the recommended concentration to inhibit autophagy (Klionsky
et al., 2007; Seglen and Gordon, 1982). Previous studies have
shown that over-expression of a dominant negative mutant of
Vps34 (Vps34dn), an autophagy regulatory molecule (Nobukuni
et al., 2007; Petiot et al., 2000), inhibits autophagy (Castino et al.,
2008; Castino et al., 2010; Trincheri et al., 2008). We therefore
constructed a lentiviral expression vector expressing Vps34dn

which was transduced into HEK293T/17 and U937 cells, and the
inhibition effect of over-expression of Vps34dn on autophagy was
investigated by Western blot analysis of LC3. The results showed a
reduction of LC3-II form in HEK293T/17 cells expressing Vps34dn



Fig. 2. Effect of autophagy induction and inhibition of autophagic lysosomal fusion on
DENV-2 production. (a)Western blot of LC3 and actin in U937 cells cultured in normal
complete medium or in the presence of 100 nM rapamycin or 30 mM L-Asn for 24 h.
(b) Determination of cell death after treatment of U937 cells with autophagy
modulators rapamycin and L-Asn by Annexin V/PI staining. U937 cells were cultured
in normal complete medium or in presence of 100 nM rapamycin or 30 mM of L-Asn.
The cells were harvested and stained with Annexin V/PI on days 1, 2 and 3 p.i. The
signals were observed by flow cytometry. The percentage cell death was calculated
from the number of PI- and both Annexin V and PI-positive cells. (c) Extracellular and
(d) intracellular virus production from U937 cells ADE-infected with DENV-2 in the
presence or absence of 100 nM rapamycin or 30 mM L-Asn on days 1, 2 and 3 p.i. The
titer was determined by standard plaque assay. The experiment was undertaken
independently in triplicate with duplicate assay of virus titers by standard plaque
assay. Virus yield is shown in log scale with error bars (±SEM).

Fig. 3. Effect of Vps34dnmediated autophagy inhibition onDENV-2 production. (a)Western
blot of LC3 and actin in HEK293T/17 cells mock-transduced or transduced with a lentivirus
expressing Vps34dn for 2 and 3 days post transduction (d.p.t.). (b) Western blot of LC3 and
actin in U937 cells mock-transduced or transduced with lentivirus expressing Vps34dn for 3
to5 d.p.t. (c)Determinationofadegreeof cell death in transductionof lentivirus inU937cells
by Annexin V/PI staining. U937 cells mock-transduced or transduced with lentivirus
expressing GFP or Vps34dn were stained with Annexin V and PI at 5 d.p.t. The signals were
observedbyflowcytometry. Thepercentagecell deathwascalculated fromthenumberof PI-
and both Annexin V and PI-positive cells. (d) Extracellular and (e) intracellular virus
production from U937 cells mock-transduced or transduced with lentivirus expressing GFP
or Vps34dn for 4 days and then ADE-infected with DENV-2 for 1 to 3 days. The titer was
determined by standard plaque assay. The experimentwas performed in three independent
replicates and duplicates for plaque assay. Virus yield is shown in log scale with error bars
(±SEM).
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on day 3 post transduction as compared to mock (Fig. 3(a)). Lower
LC3-II expression was also observed in U937 cells expressing
Vps34dn on days 3 to 5 post transduction as compared to mock
infected cells (Fig. 3(b)).

To show that the lentiviral transductions did not affect cell
viability, Annexin V/PI staining was performed to determine the
amount of cell death in U937 cells mock-transduced or transduced
with lentivirus expressing Vps34dn or a lentivirus expression
vector expressing GFP as a control. The results showed no
significant cell death in the cells transduced with these lentiviruses
(Fig. 3(c)).

To determine the effect of autophagy inhibition on DENV-2
infection of U937 cells, cells were transduced with the lentivirus
expressing Vps34dn or a lentivirus expressing GFP as a control, and on
day 4 post transduction, cells were infected with DENV-2 at 20 p.f.u.
per cell in the presence of monoclonal antibody HB-114 to induce ADE
of infection. Extracellular and intracellular virus production was
examined by standard plaque assay at days 1, 2 and 3 post infection.
Therewas no significant difference in extracellular virus production in
U937 cells transduced with lentivirus expressing Vps34dn on 1 and
2 d.p.i. compared to GFP-transduced cells, whereas a marginal, but
statistically significant increase in virus production was observed on
3 d.p.i. (P=0.031) (Fig. 3(d)). Similarly, a small but statistically
significant increase in intracellular virus was observed in U937
transduced with lentivirus expressing Vps34dn compared to GFP-
transduced cells on days 2 (P=0.001) and 3 (P=0.007) post
infection (Fig. 3(e)).
Effect of autophagy modulation on DENV proteins

The level of DENV E and NS1 protein expression was examined in
DENV-2 infection in response to autophagy modulation (Fig. 4). The
results showed a reduction of DENV E and NS1 proteins when
autophagy was induced by treatment of rapamycin, while no
alteration of dengue E and NS1 expression was observed in L-Asn
treatment compared to DENV-2 infection (Fig. 4(a)). Inhibition of
autophagy by over-expression of Vps34dn resulted in an increase of
dengue E and NS1 level in comparison to Mock- and GFP-transduced
cells (Fig. 4(b)).
The DENV replication complex does not co-localize with autophagy
markers

Immunofluorescent co-localization studies were performed to
determine the site of DENV-2 replication in U937 cells. An extremely
low level of co-localization of autophagic marker LC3 and dsRNA was
observed in DENV-2 infected U937 cells (mean Pearson correlation
coefficient 0.13, 95% CI 0.11–0.15; Fig. 5(a)). A significant increase in
co-localization was observed when autophagy was induced by
treatment of rapamycin (mean Pearson correlation coefficient 0.29,
95% CI 0.26–0.32; Pb0.001) while no significant alteration was
observed in upon inhibition of autophagosome–lysosome fusion by
treatment with L-Asn (mean Pearson correlation coefficient 0.11, 95%
CI 0.09–0.13) (Fig. 5(a)).

image of Fig.�2
image of Fig.�3


Fig.4. Expression of DENV viral proteins under autophagy modulation. (a) Western blot
of dengue E and NS1 proteins in U937 cells mock-infected or ADE-infected with DENV-2
in the presence or absence of either 100 nM rapamycin or 30 mM L-Asn at 1 to 3 d.p.i.
Expression of actin was used as an internal control. (b) Western blot of dengue E and
NS1 proteins in U937 cells mock-transduced or transduced with lentivirus expressing
GFP or VPS34dn and then mock-infected or ADE-infected with DENV-2 for 1, 2 and
3 days. Expression of actin was used as an internal control.

78 M. Panyasrivanit et al. / Virology 418 (2011) 74–84
The co-localization of a marker of mature autophagolysosomes
and lysosomes (cathepsin D) was also examined in relation to dsRNA.
Consistent with the LC3 and dsRNA analysis, no localization was seen
between cathepsin D and dsRNA in DENV infected cells (mean
Pearson correlation coefficient −0.03, 95% CI −0.05 to −0.01), or in
U937 cells infected with DENV in the presence of L-Asn (mean
Pearson correlation coefficient −0.06, 95% CI −0.08 to −0.04). A
slight degree of co-localization (mean Pearson correlation coefficient
0.1, 95% CI 0.05–0.15; Pb0.001) was observed between dsRNA and
cathepsin D in the presence of rapamycin (Fig. 5(b)).

ER, stress and autophagy

A number of studies have proposed that DENV replication occurs
in association with the ER (Perera and Kuhn, 2008). We therefore
examined the co-localization of dsRNA and a predominantly ER
resident marker, calnexin. A high degree of co-localization between
dsRNA and calnexin was observed (mean Pearson correlation
coefficient 0.46, 95% CI 0.45–0.47; Pb0.001 (Fig. 6(a)) implying that
the ER is the major site of DENV-2 replication in U937 cells.

We have recently shown that DENV-2 infection induces ER stress
and activation of the unfolded protein response (UPR) pathway in U937
cells (Klomporn et al., 2011). As several studies have shown that
induction of the UPR can induce autophagy (Bernales et al., 2006;
Bernales et al., 2007), it is possible that the increase in autophagy seen
here results from ER stress and UPR activation. To determine if
autophagy is induced in U937 cells in response to ER stress, cells were
treatedwith various concentrations of the sarco/endoplasmic reticulum
Ca2+ ATPase inhibitor thapsigargin, a commonly used ER stress inducer
(Bachar et al., 2009; Bertolotti et al., 2000; Won et al., 2009). Splicing of
the XBP-1 transcript, a hallmark of events of UPR activation (Yoshida
et al., 2001), was shown to occur in response to thapsigargin treatment
of U937 cells (Fig. 6(b)). The induction of autophagy by thapsigargin
treatment was investigated byWestern blot analysis of LC3. The results
showed a clear induction of autophagy in the presence of thapsigargin,
as evidenced by a significant dose dependent increase in levels of LC3-II
(Fig. 6(c)).

The effect of thapsigargin on DENV-2 production was investigated.
The toxicity of thapsigargin to U937 cells was evaluated prior to
determining the effects on virus output. Annexin V/PI staining was
performed to determine the amount of cell death in the presence of
5 nM thapsigargin. The result showed a marked increase in cell death
as a consequence of thapsigargin treatment on days 2 and 3 post
treatmentwhichmay result from prolong ER stress-induced apoptosis
(Li et al., 2006; Nakagawa et al., 2000) (Fig. 6(d)). U937 cells were
then infected with DENV-2 in the presence of 5 nM thapsigargin.
Extracellular and intracellular virus productions were determined by
standard plaque assay. The results showed significant reduction of
both extracellular and intracellular virus on 1, 2 and 3 d.p.i. (Pb0.05)
(Figs. 6(e) and (f)). Lastly, to confirm that autophagy induction by
rapamycin did not in itself induce ER stress, U937 cells were treated
with 100 nM rapamycin for three days and analyzed for the induction
of XBP-1 splicing in parallel with negative (no treatment) and positive
(5 nM thapsigargin for 24 h) controls. Results showed that rapamycin
treatment did not induce XBP-1 splicing (Fig. 6(g)).
Discussion

Autophagy has been shown to play a role in the host cell/virus
interaction for a number of different viruses. In what is apparently the
simplest interaction, autophagy is activated as a defense mechanism
to eliminate the invading pathogen. However, because of this innate
antiviral process, many viruses have evolved to either down regulate
autophagy through the expression of specific viral gene products, or to
subvert the autophagic process for their own replication strategy
(reviewed in Espert et al., 2007; Kirkegaard et al., 2004). Studies from
several groups have determined that DENV activates autophagy upon
infection, and uses the autophagic process as part of its replication
strategy (Heaton and Randall, 2010; Khakpoor et al., 2009; Lee et al.,
2008; Panyasrivanit et al., 2009). While we have proposed that this
occurs through DENV utilizing autophagic structures as sites for
replication (Khakpoor et al., 2009; Panyasrivanit et al., 2009), others
have suggested that DENV induced autophagy results in alterations in
lipid metabolism which facilitates DENV replication (Heaton and
Randall, 2010). The two models are far from mutually exclusive, and
both agree that the induction of autophagy is an important
component of the DENV replication strategy.

To date, the studies investigating the relationship between
autophagy and DENV have been undertaken almost exclusively on
liver cells (Heaton and Randall, 2010; Khakpoor et al., 2009; Lee et al.,
2008; Panyasrivanit et al., 2009). While hepatocytes are almost
certainly a true in vivo target of DENV (Suksanpaisan et al., 2007), a
significant amount of evidence has suggested that the more severe
forms of DENV infection are associated with a second DENV infection,
from a heterologous serotype to the first infection. The increased
severity is proposed to result from monocytic cells becoming
susceptible to infection through the intermediary of non-neutralizing
antibodies from the first infection allowing internalization of virus/
antibody complexes to monocytic cells through the Fc receptor
(Halstead et al., 2010; Halstead and O'Rourke, 1977a; Halstead et al.,
1980).

Surprisingly, while DENV-2 induced autophagy in monocytic cells,
the relationship between autophagy and DENV in these cells was not
subversive as described in liver cells, with DENV utilizing the
autophagic process as part of its replication strategy (Heaton and
Randall, 2010; Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit et
al., 2009). Instead, activation of autophagy significantly reduced virus
output while inhibition of autophagy resulted in only marginal
increases in virus production. This would suggest that under normal
infection conditions there is a limited interaction between autophagy
and DENV. As such, while the interaction between DENV and
autophagy in monocytic cells is not one of defense, which is
characterized by low or null virus output (Lee and Iwasaki, 2008),
neither is it one of avoidance or subversion.

image of Fig.4


Fig. 5. Localization of DENV-2 replication complex. Immunofluorescence of (a) LC3 (red) and dsRNA (green) or (b) cathepsin D (CD) (red) and dsRNA (green) was performed in
U937 cells mock-infected or ADE-infected with DENV-2 in the presence or absence of 100 nM rapamycin or 30 mM L-Asn for 3 days. The fluorescent signals were observed under a
confocal microscope. Representative merged, non contrast adjusted images are shown.
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Under normal infection conditions, no co-localization was ob-
served between a marker of the DENV replication complex (dsRNA)
and markers of autophagy (LC3 or cathepsin D), while significant co-
localization was noted between dsRNA and the predominantly ER
resident marker calnexin. However, when autophagy was strongly
induced with rapamycin, some co-localization was observed between
dsRNA and markers of autophagy. While the origin of the autophagic
membranes is of some dispute, it is generally accepted that the ER is a
major source of autophagic membranes (Tooze and Yoshimori, 2010;
Yla-Anttila et al., 2009) and therefore it is likely that the increased co-
localization seen between autophagic markers and dsRNA seen in
rapamycin treated cells reflects the utilization of ER membranes,
together with associated DENV replication complexes in the forma-
tion of autophagic vacuoles. In this way, the reduction of DENV
production seen in rapamycin treated cells could result from a loss of
ER resident replication sites when the membranes are co-opted for
autophagic vesicles.

The extremely marginal increase in DENV production seen upon
down regulation of autophagy would also be consistent with this
model, where under normal infection conditions there is only a small
contribution of ER membranes (and associated DENV replication
potential) to autophagy. This model is similarly consistent with the
results seen on Western analysis where rapamycin results in a
reduction of DENV E and NS1 proteins, while down regulation of
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Fig. 6. ER stress induced autophagy in DENV-2 infected U937 cells. (a) Immunofluorescence of calnexin (red) and dsRNA (green) was performed in U937 cells mock-infected or ADE-
infected with DENV-2 for 3 days. The fluorescent signals were observed under a confocal microscope. Representativemerged, non contrast adjusted images are shown. (b) Splicing of XBP-1
transcriptswas examined inU937 cells cultured in RPMI/10%FBS (control) or in thepresence of 1, 5 and 25 nMof thapsigargin for 24 hbyRT-PCR.H: heteroduplex; U: unspliced; S: sliced form
ofXBP-1. (c)Westernblot of LC3andactin inU937 cells cultured innormal completemedium(control) or in thepresenceof 1, 5 and25 nMof Thapsigargin for 1 to3 days. (d)Determinationof
cell death in U937 cells treated with 5 nM thapsigargin by Annexin V/PI staining. The signals were observed by flow cytometry on days 1 to 3 post treatment. Percentage of cell death was
calculated from thenumber of PI- and bothAnnexinV andPI-positive cells. (e) Extracellular and (f) intracellular virus production fromU937 cells ADE-infectedwithDENV-2 in thepresence or
absence of 5 nM thapsigargin on days 1, 2 and 3 post infection. The titerwas determined by standard plaque assay. The experimentwas undertaken independently in triplicatewith duplicate
assay of virus titers by standard plaque assay. Virus yield is shown in log scale with error bars (±SEM). * indicates statistically significant compared to control (Pb0.05). (g) U937 cells were
either not treated (Control) or treatedwith either 100 nM rapamycin for 1, 2 or 3 days (rapamycin 1 to 3) or with 5 nM thapsigargin for 24 h as a positive control (+ve) and analyzed for the
splicing of the XBP-1 transcript by RT-PCR. H: heteroduplex; U: unspliced; S: sliced form of XBP-1.
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autophagy results in a slight increase in the levels of these proteins.
Again, the ER membranes being co-opted under increased autophagy
would serve to reduce the amount of protein translation occurring in
the ER.

While the data suggests a minimal interaction between autophagy
and DENV production under normal conditions, the induction of
autophagy was observed in response to infection.

We have recently shown that infection of monocytic cells by DENV
results in the activation of multiple ER stress pathways, which
ultimately result in apoptosis of the cells (Klomporn et al., 2011).
Several studies have suggested a direct link between ER stress and
autophagy (Bernales et al., 2006; Bernales et al., 2007), and it is likely
then that the induction of autophagy seen in response to DENV
infection occurs as a result of activation of ER stress and activation of
the unfolded protein response, rather than a direct DENV mediated
activation of autophagy. Indeed, treatment of U937 cells with
thapsigargin showed the induction of ER stress as well as the
induction of autophagy. Under these conditions, DENV output was

image of Fig.�6
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reduced in a similar manner to the reduction seen with rapamycin.
While we note that long term treatment with thapsigargin induced
cell death, a significant reduction in virus production was observed
prior to significant levels of cell death.

In this way it can be hypothesized that in U937 cells biochemical
activation of autophagy (either directly through rapamycin, or
indirectly through induction of the UPR) reduces virus output as a
consequence of recruitment of ER membranes to autophagic vacuoles
(Bernales et al., 2006; Bernales et al., 2007) thus reducing indirectly
the number of available sites of replication for DENV.

Inhibition of autophagy did result in a small, but statistically
significant increase in both intracellular and extracellular viruses.
This would suggest that under normal conditions there is some
(albeit small) interaction between DENV and autophagy. Apart from
its functions tomaintain homeostasis in the cell, autophagy also has a
role in the immune system where it mediates endogenous major
histocompatibility complex (MHC) class II antigen processing
(Deretic, 2006; Nimmerjahn et al., 2003; Paludan et al., 2005).
Since cells of amonocyte/macrophage lineage are antigen presenting
cells, autophagic degradation of DENV-2 in these cells may also
involve antigen processing. In this case, the proportion of DENV
produced that would normally be lost during the process of
autophagy mediated antigen presentation is no longer lost, and is
detected on analysis of virus levels.

Given that DENV infectedmonocytic cells undergo apoptosis within
a few days, it is difficult to see that the marginally increased cellular
levels of virus would have profound effects on the cell. However, a
possible reduction in antigen presentation as a consequence of down
regulation of autophagy could have serious consequences. Thus
treatment approaches that seek to down regulate autophagy, based
upon the subversion reaction observed in other cell types (Heaton and
Randall, 2010; Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit et al.,
2009) could have serious long term immune consequences by muting
the efficacy of the immune response.

Overall, the interaction between autophagy and DENV in mono-
cytic cells described here does not fit any of the classical models of
virus/host cell autophagy interaction (Espert et al., 2007; Kirkegaard
et al., 2004), but does show that the interaction between DENV and
autophagy is mediated in a cell type specific manner.

Materials and methods

Cells and viruses

U937 cells (human monocytic cell line, ATCC CRL-1593.2) were
cultured in RPMI 1640 medium (RPMI; GibcoTM Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum (FBS;
GibcoTM Invitrogen) and 100 unit/ml of penicillin–streptomycin
(PAA Laboratories GmbH). LLC-MK2 cells (rhesus monkey kidney
cell line, ATCC CCL-7) were cultured in Dulbecco's Modified Eagle
Medium (DMEM; GibcoTM Invitrogen) supplemented with 5% FBS
and 100 unit/ml of penicillin–streptomycin. HEK293T/17 cells
(human embryonic kidney cell line, ATCC CRL-11268) were cultured
in DMEM supplemented with 10% FBS and 100 unit/ml of penicillin–
streptomycin. All cells were incubated at 37 °C in a humidified
incubator with 5% CO2. C6/36 cells (the Aedes albopictus cell line,
ATCC CRL-1660) were cultured in minimum essential medium
(MEM; GibcoTM Invitrogen) supplemented with 10% FBS and the
same antibiotics as the cell lines above at 28 °C.

Dengue virus serotype 2 (DENV-2) strain 16681was propagated in
C6/36 cells. The medium containing virus was collected at the day
providing a maximum virus titer (Sakoonwatanyoo et al., 2006) and
subsequently centrifuged to remove cell debris. The virus was stored
at −80 °C until use. The virus titer was determined by standard
plaque assay as previously described (Sithisarn et al., 2003) on LLC-
MK2 cells.
Cell starvation and chemical treatments

U937 cells were centrifuged at 400×g for 5 min to remove culture
medium. The cell pellets were washed once with PBS (for starvation)
and then resuspended with 1× EBSS for starvation condition,
complete culture medium containing 100 nM rapamycin (Sigma
Chemical Company), 30 mM L-Asparagine (L-Asn; Sigma) or 1, 5
and 25 nM Thapsigargin (Sigma). The cells were then incubated under
standard conditions until harvesting.

Infection of U937 cells

DENV-2 infection of U937 cells was undertaken exactly as described
elsewhere (Klomporn et al., 2011). Briefly, a pre-calculated 20 p.f.u. per
cell of DENV-2 and a 1:200 dilution of a pan specific mousemonoclonal
anti-dengue E protein antibody (HB114) produced from mouse
hybridoma cell line D3-2H2-9-21 (ATCC HB114, isotype IgG2a) were
incubated for 1 hat4 °C inRPMImedium.U937 cellswere centrifugedat
400×g for 5 min to remove culture medium and resuspended with the
antibody–virus mixture. The cells were then incubated at 37 °C, 5% CO2

for 2 h with constant agitation. After 2 h, complete mediumwas added
to give a final cell density of 3×105 cells/ml. For infection in the
presence of autophagy modulators, U937 cells were pre-treated for 1 h
with 100 nM rapamycin, 30 mM L-Asn or 5 nM thapsigargin (Sigma) in
RPMI/10%FBS and infectionwas performed as described above. The cells
were incubated under standard conditions until harvesting of the cells
or culture medium. For non-ADE-DENV-2 infection, U937 cells were
directly incubated with DENV-2 at 20 p.f.u. per cell at 37 °C, 5% CO2 for
2 h with constant agitation and then complete medium was added to
give a final cell density of 3×105 cells/ml.

Intracellular and extracellular virus titration by standard plaque assay

Extracellular and intracellular virus titers were determined
essentially as described elsewhere (Thepparit and Smith, 2004).
Extracellular virus titers were determined directly from cell superna-
tants. To determine the intracellular virus titer, cells in each sample
were harvested and centrifuged at 400×g for 5 min to remove culture
medium. The cells were washed with RPMI and resuspended in BA-1
medium (1× medium199/Earle's balanced salts (HyClone), 0.05 M
Tris–HCl pH 7.6, 1% BSA fraction V (PAA), 0.075% NaHCO3, 100 units/
ml penicillin–streptomycin). The cell suspensions were mixed and
intracellular virus was released from the cells by one freeze–thaw
cycle and sonicating at 4 °C for 5 min. The extracellular virus and
intracellular virus titers were determined by standard plaque assay on
LLC-MK2 cells as previously described (Sithisarn et al., 2003). The
virus titer values were derived from three-independent experiments
assayed in duplicate.

Indirect immunofluorescence

50,000–100,000 U937 cells from each experimental condition
were collected and centrifuged at 400×g for 5 min to remove culture
medium. The cells were washed once with RPMI and spun down
onto glass cover slips using StatSpin® CytoFuge 2 (Iris Sample
Processing). The cells were fixed in ice-cold absolute methanol for
20 min and washed twice with PBS. The subsequent steps were
undertaken exactly as previously described (Panyasrivanit et al.,
2009). Primary antibodies used were a rabbit polyclonal anti-MAP-
LC3 antibody (sc-28266, Santa Cruz Biotechnology), a mouse
monoclonal anti-CD107a antibody (LAMP1, 555798, BD Bioscience),
a mouse monoclonal anti-dsRNA antibody (J2-0702, Scicons,
Hungary), a rabbit polyclonal anti-calnexin antibody (ab10286,
Abcam) and a rabbit polyclonal anti-cathepsin D antibody (Ab-2, IM
16, Calbiochem). All primary antibodies were used at a concentra-
tion of 1:50 with the exception of the anti-dsRNA antibody which
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was used at a dilution of 1:100. Secondary antibodies used were a
rhodamine redTM-X-conjugated goat anti-rabbit IgG antibody (111-
295-144, Jackson ImmunoResearch Laboratories) (1:50), a FITC-
conjugated goat anti-mouse IgG antibody (02-18-06, KPL) (1:20),
and an Alexa™ 647-conjugated donkey anti-rabbit IgG antibody
(A31573, Molecular Probes) (1:100). The cells were viewed under
an Olympus FluoView 1000 confocal microscope as described
elsewhere (Panyasrivanit et al., 2009).

The degree of co-localization was analyzed in non-contrast
adjusted pictures using ImageJ software with PSC co-localization
plug-in as described elsewhere (Panyasrivanit et al., 2009). A degree
of co-localization was determined as Pearson correlation coefficients,
which represent the linear relationship of the signal intensity from the
green and red channels. At least 20 cells were analyzed for each
condition. Statistical significance (Pb0.05) between data sets was
determined by independent sample t tests using SPSS software (SPSS
Inc., Chicago, IL).

Protein extraction and Western blot assay

Cells were harvested and centrifuged to remove culture medium.
The cell pellets were washed with cold RPMI and resuspended in RIPA
buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS).
The cell lysates were incubated on ice for 30 min with periodic mixing
and sonicated twice at 4 °C for 5 min. The cell lysates were then
centrifuged at 10,000×g for 10 min and supernatants were collected.
Proteins were separated by SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked in blocking solution (5%
skimmed milk/0.05% tween20/TBS) for 2 h at room temperature or
overnight at 4 °C and incubated with primary antibodies: a rabbit
polyclonal anti-LC3B antibody (ab48394, Abcam) (1:2000 dilution), a
goat polyclonal anti-actin (I-19) antibody (sc-1616, Santa Cruz
Biotechnology) (1:500 dilution), a mouse monoclonal anti-dengue
NS1 antibody (Puttikhunt et al., 2003) (1:200 dilution) or a mouse
monoclonal anti-dengue virus type 1–4 antibody (MA1-27093,
Pierce) (1:1000 dilution) diluted in blocking solution at room
temperature for at least 3 h (for LC3) or 4 °C overnight (for all other
antibodies) followed by incubation with an appropriate secondary
antibody conjugatedwith HRP at room temperature for 1 h. The signal
was visualized using Pierce® ECL Western blotting substrate (Thermo
Fisher Scientific).

Annexin V and Propidium iodide staining

2×105 cells were harvested from each condition at the indicated
time points. The cells were washed and resuspended in 1×
ApoAlertTM Annexin V binding buffer (630202, Clontech). 1 μl of
ApoAlertTM Annexin V conjugated FITC (630201, Clontech) and 10 μl
of 50 μg/ml Propidium iodide (PI; Sigma) were added to the cells and
samples were incubated in darkness at room temperature for 15 min.
The signals were detected using a FACS Calibur flow cytometer. The
positive control in all experiments was U937 cells treated with 2.5%
DMSO in RPMI/10%FBS for 24 h. The percentage cell death was
calculated from the amounts of PI-positive and Annexin V/PI-positive
cells. All experiments were undertaken as three independent
replicates.

Construction of lentiviruses

AcDNAcloneencoding akinasedeficient (dominantnegative)mutant
of rat Vps34 was the kind gift of Dr. HW Davidson (University of
Cambridge) (Row et al., 2001). The full length cDNA of Vps34 which
included two point mutations (Asp743-Ala, Asn748-Ile) was excised from
plasmidpcDNA3puro andexpressed inplaceofGFP in the lentiviral vector
pRRL.SIN.CPPT.CMV.GFP.WPRE (engineered from Addgene Plasmid
12252). The lentiviral transfer vectors pRRL.SIN.CPPT.CMV.GFP.WPRE
and pRRL.SIN.CPPT.CMV.Vps34.WPRE were propagated in Stbl3 compe-
tent cells (Invitrogen) to reduce homologous recombination. All plasmid
constructs were purified by two rounds of CsCl ultracentrifugation.
Viruses were generated by transient transfection of the transfer vector
together with 3 separate packaging plasmids (pMDLg/pRRE, pRSV-Rev,
PMD2.G (Addgene)) into HEK293T/17 cells by the calcium phosphate
method. After 8 h in the presence of the transfection precipitate the
culture medium was changed and replaced with fresh media. Culture
supernatant containing lentiviruseswere collected 48 h after transfection,
cell debris was removed by centrifugation, and the supernatant was
filtered. Virus stocks were stored at−80 °C until used.
Lentivirus transduction and DENV-2 infection in U937 cells over-
expressing Vps34dn

4×105 HEK293T/17 cells were seeded in 12-well tissue culture
plates for 24 h prior to viral transduction. For U937 cells, 5×105 cells
were centrifuged at 420×g for 5 min to remove culture medium. The
cells then were incubated with 400 μl crude lentivirus expressing GFP
or Vps34dn in the presence of 8 μg/ml polybrene (hexadimethrine
bromide; H9268, Sigma) for 1 h at 37 °C 5% CO2. Control experiments
were performed with 400 μl DMEM/10%FBS. After an hour of
incubation, RPMI/10%FBS was added to a final volume of 1 ml. The
cells were incubated under standard conditions and fresh medium
was added daily. A high transduction efficiency (N70%) of the GFP
lentivirus was demonstrated in U937 cells by fluorescent microscopy
and flow cytometry (data not shown).

To perform DENV-2 ADE-infection in U937 cells transduced with
lentiviruses, transduced U937 cells were harvested at day 4 post
transduction and infected DENV-2 at 20 p.f.u. per cell in the
presence of dilutions of anti-dengue E protein monoclonal antibody
HB114 as described elsewhere (Klomporn et al., 2011). Extracellular
and intracellular virus production was determined as previously
described. Experiments were performed as three independent
replicates with duplicate assay of virus titers by standard plaque
assay.
Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as previously described
elsewhere (Klomporn et al., 2011). Briefly, U937 cells were harvested
by centrifugation and the cells were washed once with cold RPMI.
RNA extraction was performed using TRI Reagent® (Molecular
Research Center, Inc.). 2 μg of total RNA was reverse transcribed to
cDNA by using ImpromIITM reverse transcriptase (Promega) and oligo
(dT). The cDNA was amplified by PCR using specific primer for XBP-1
(Yoshida et al., 2001): sense primer 5′-CCTTGTAGTTGAGAACCAGG-3′,
antisense primer 5′-GGGGCTTGGTATATATGTGG-3′ and actin: sense
primer 5′-GAAGATGACCCCAGATCATGT-3′, antisense primer 5′-
ATCTCTTGCTCGAAGTCCAG-3′ (Lithanatudom et al., 2010). PCR
conditions were denaturation at 94 °C for 10 s (XBP-1) and 20 s
(actin), annealing at 55 °C for 20 s (XBP-1) and 60 °C for 15 s (actin)
and extension at 72 °C for 30 s (XBP-1) and 20 s (actin). PCR-
amplified fragment size for XBP-1 are 416 (spliced form) and 442 bp
(unspliced form), and for actin is 330 bp. PCR products were
separated by electrophoresis on 2% agarose gel. Bands were visualized
by ethidium bromide staining.
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