
Antiviral Research 92 (2011) 453–460
Contents lists available at SciVerse ScienceDirect

Antiviral Research

journal homepage: www.elsevier .com/locate /ant iv i ra l
Celgosivir treatment misfolds dengue virus NS1 protein, induces cellular
pro-survival genes and protects against lethal challenge mouse model q

Abhay P.S. Rathore a, Prasad N. Paradkar a,1, Satoru Watanabe a, Kah Hin Tan a, Cynthia Sung a,
John E. Connolly b, Jenny Low c, Eng Eong Ooi a, Subhash G. Vasudevan a,⇑
a Program in Emerging Infectious Diseases, Duke-NUS Graduate Medical School, 8 College Road, Singapore 169857, Singapore
b Program in Translational Immunology, Singapore Immunology Network (SIgN), 8A Biomedical Grove, Immunos Building, Level 4, Singapore 138648, Singapore
c Department of Infectious Diseases, Singapore General Hospital, Singapore 169608, Singapore

a r t i c l e i n f o
Article history:
Received 7 August 2011
Revised 5 September 2011
Accepted 6 October 2011
Available online 12 October 2011

Keywords:
Dengue virus
Celgosivir
a-Glucosidase inhibitor
Dengue NS1 protein misfolding
AG129 mouse model for dengue infection
0166-3542/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.antiviral.2011.10.002

q Parts of the information have been presented at th
Antivirals for Neglected, Emerging Viruses (ICAV-9) in
(October 10–13, 2010), the 5th Ditan Internation
Diseases held in Beijing, China (July 14–17, 2011).
⇑ Corresponding author. Tel.: +65 6516 6718; fax: +

E-mail address: subhash.vasudevan@duke-nus.edu
1 Current address: CSIRO Livestock Industries, Aust

tory, Private Bag 24, Geelong, Victoria 3220, Australia.
a b s t r a c t

Dengue virus (DENV) infections continue to spread aggressively around the world. Here we demonstrate
that celgosivir (6-O-butanoyl castanospermine), strongly inhibits all four DENV serotypes. We show by
fluorescence microscopy that the antiviral mechanism of celgosivir, is in part, due to misfolding and accu-
mulation of DENV non-structural protein 1 (NS1) in the endoplasmic reticulum. Moreover, celgosivir
modulates the host’s unfolded protein response (UPR) for its antiviral action. Significantly, celgosivir is
effective in lethal challenge mouse models that recapitulate primary or secondary antibody-dependent
enhanced DENV infection. Celgosivir treated mice showed enhanced survival, reduced viremia and robust
immune response, as reflected by serum cytokine analysis. Importantly, survival increased even after
treatment was delayed till 2 days post-infection. Together the present study suggests that celgosivir,
which has been clinically determined to be safe in humans, may be a valuable candidate for clinical test-
ing in dengue patients.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Dengue fever (DF) is the most prevalent mosquito-borne viral
infection in humans and is caused by DENV, a member of the
Flaviviridae family. Infection of humans by any of the four DENV
serotypes leads to an incubation period ranging from 3 to 14 days
(average 4–7 days) followed by the rapid onset of clinical manifes-
tations of DF (Guzman et al., 2010; Halstead, 2007). While DF is
usually self-limiting, some patients progress to life-threatening se-
vere diseases, such as dengue hemorrhagic fever (DHF) or dengue
shock syndrome (DSS). The phenomenon that non-neutralizing
heterotypic antibodies can cause antibody-dependent enhance-
ment (ADE), together with the increasing prevalence of DENV
infections around the world, raises the probability of increasing
cases of severe DENV disease (Sabin, 1952; Thein et al., 1997;
Whitehorn and Farrar, 2010). Despite the observed association be-
tween DHF/DSS and higher viremia compared to DF (Vaughn et al.,
ll rights reserved.

e International Conference on
Lubeck, Germany, Germany

al Conference on Infectious

65 6221 2529.
.sg (S.G. Vasudevan).
ralian Animal Health Labora-
2000), no antiviral treatment exists. There is, thus, a global urgency
to develop drugs that can reduce the burden of DENV morbidity
and mortality (Keller et al., 2006).

The plus-strand RNA genome of DENV is translated as a single
polyprotein precursor which is processed by host and virus-en-
coded proteinases to produce three structural proteins (Capsid,
prM, Envelop) and seven non-structural (NS) proteins, NS1, NS2A,
NS2B, NS3, NS4A, NS4B and NS5 (Chambers et al., 1990). The virus
assembly occurs in the endoplasmic reticulum (ER), where hetero-
dimers of pre-membrane protein (prM) and envelope (E) localize to
the luminal side of the ER to form an immature particle (Chambers
et al., 1990; Zhang et al., 2003). Previous studies have shown that
N-linked glycosylation of prM and E proteins are required for the
proper assembly and release of infectious DENV particles (Coura-
geot et al., 2000).

Celgosivir is a water soluble oral pro-drug of the natural alka-
loid castanospermine (Cast), derived from the Moreton Bay chest-
nut tree (Castanospermum australae) (Molyneux et al., 1986). It
readily crosses cell membranes and is rapidly converted to Cast
(Kang, 1996). The compound inhibits the catalytic activity of ER
resident enzymes, a-glucosidase I and II, which play a critical role
in the proper folding of N-glycosylated glycoproteins. Treatment
with Cast may affect the folding of some viral proteins by prevent-
ing the removal of the terminal glucose residue from N-linked gly-
cans (Taylor et al., 1991). Lack of modification of the high mannose
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sugar on viral proteins may result in misfolding and protein aggre-
gation that leads to cellular ER stress. ER stress is marked by acti-
vation of unfolded protein response (UPR) machinery, and the
expression of UPR genes which, in turn, induces various signaling
pathways associated with cell survival/death (Schröder and Kauf-
man, 2005). It has been shown that DENV proteins prM and E are
glycosylated and undergo high mannose modification for proper
folding and function (Courageot et al., 2000). However, NS1, a viral
protein whose function is currently being intensively studied, is
also glycosylated at positions N130 and N207 (Somnuke et al.,
2011), and secreted from infected cells (Gutsche et al., 2011; Li-
braty et al., 2002). Due to its direct and systemic effects on the
host, NS1 could be a potential target for an antiviral drug (Som-
nuke et al., 2011). Indeed, our studies reveal that DENV NS1 is a
target of the action of celgosivir.

AG129 mice lacking the interferon (IFN)-a/b and -c receptors
have been shown to be useful for testing antiviral compounds.
Infection of these mice with DENV2 TSV01 strain (non-mouse
adapted clinical strain) produced viremia that peaked at 3 days
post-infection. The peak viremia and the serum concentration of
several cytokines and NS1 were reduced when infected animals
were treated with several antiviral inhibitors including celgosivir
(Schul et al., 2007). More recently, the AG129 model has been used
with non-mouse-adapted DENV2 (D2Y98P) and mouse-adapted
DENV2 (S221), which presents with severe disease, including high
viremia and death (Balsitis et al., 2010; Tan et al., 2010; Zellweger
et al., 2010). Furthermore, it has been shown that ADE infection of
AG129 mice can be achieved by prior passive immunization using
a mouse monoclonal antibody against DENV E protein (4G2),
which leads to an increased plasma leakage and mortality (Zell-
weger et al., 2010). Together, these studies support the use of
AG129 mice to test antiviral compounds in a setting where mice
experience prolonged viremia and even death.

In this study, we address the lack of a suitable antiviral for
DENV infection by detailed examination of the mechanism of celg-
osivir and show that it is an effective antiviral in vitro against all
four DENV serotypes and in vivo against DENV2.
2. Materials and methods

2.1. Cells and virus strains

THP-1 (human monocytic cells, ATCC) and BHK-21 (baby ham-
ster kidney fibroblast cells, ATCC) cells were grown in RPMI1640
medium (Gibco). A549 cells (human lung epithelial cells, ATCC)
were maintained in Ham’s F-12K (Gibco) medium. A549 replicon
cells (containing DENV2 NS genes) were grown as described else-
where (Ng et al., 2007). All growth media were supplemented with
10% FBS and 1% penicillin–streptomycin and cells were cultured at
37 �C in 5% CO2. C6/36, an Aedes albopictus cell line (ATCC), was
maintained in RPMI1640 medium with 10% FBS, 25 mM HEPES
and 1% penicillin–streptomycin, at 28 �C in the absence of CO2.

The four DENV serotypes (DENV1-2402, DENV2-3295, DENV3-
863 and DENV4-2270) used in the study were obtained from the
Early Dengue infection and outcome (EDEN) study in Singapore
(Low et al., 2006) and the mouse adapted strain of DENV2 (S221)
was a gift from Dr. Sujan Shresta (La Jolla Institute for Allergy
and Immunology, CA). All virus strains were grown in C6/36 cells.
Virus stocks were tittered by plaque assay and stored at �80 �C.
2.2. Therapeutic compounds

Celgosivir was purchased from Dalton Pharma Services, Canada.
Castanospermine was purchased from Sigma (C3784).
2.3. Antibodies

Humanized monoclonal antibody against DENV E protein (clone
4G2) was previously described (Paradkar et al., 2011). Mouse
monoclonal antibody against DENV NS1 was provided by Dr. Chris-
tiane Ruedl (Division of Molecular & Cell Biology, School of Biolog-
ical Sciences, NTU, Singapore). Mouse monoclonal antibody 4G2
was produced in-house from hybridoma cells.

2.4. Cell viability and infection assays

The cytotoxicity of each test compound was measured by the
Cell titer-Glo Luminescent cell viability assay, according to the
Manufacturer’s protocol (G7570; Promega). The luminescence sig-
nals for cells treated with the test compounds were compared to
those for cells treated with the maximum tolerated dimethyl sulf-
oxide (DMSO) to determine the 50% cytotoxic concentration (CC50).
Further detailed methods for virus quantification, cell based infec-
tion assays, RT PCR, immunofluorescence microscopy and Western
blotting can be found in the supplemental materials section.

2.5. In vivo infection

Sv/129 mice deficient in type I and II IFN receptors (AG129),
purchased from B&K Universal (UK), were housed in the BSL-2 ani-
mal facility at Duke-NUS, Singapore. The Animal Care Committee
at Singapore General Hospital/NUS approved all animal experi-
ments. For infection, mice (n = 8) were inoculated intraperitoneally
(i.p.) with 2 � 105 pfu of S221. To model ADE, mice were injected
i.p. with 20 lg/mouse of mouse monoclonal antibody against
DENV E protein (4G2 clone) one day prior to infection. For treat-
ment during infection, celgosivir (50 mg/kg) was injected i.p. twice
daily for 5 days, starting from day 0, 1 or 2. Blood was collected at
days 1, 3 and 7 by submandibular bleeding. Survival of mice was
followed until day 10 and survival curves were plotted in Graph-
Pad Prism-5 software with survival significance evaluated using
log-rank Test.
3. Results

3.1. Celgosivir is effective in vitro at nM concentrations against
DENV1-4

To examine the antiviral effect of celgosivir in vitro, we used the
cell-based flavivirus immune detection (CFI) assay, which com-
prises the complete replication cycle of DENV. BHK-21 cells were
infected with a clinical isolate of DENV2 at an MOI of 0.3 in the
presence of different concentrations of celgosivir, and virus E pro-
tein was quantified 48 h later using 4G2 antibody. The result
showed an inhibitory effect of celgosivir on DENV2 replication
with a half maximal effective concentration (EC50) value of
�0.2 lM (Fig. 1A). Similarly, EC50 values against DENV1, 3 and 4
were obtained (Table 1) and found to be below 0.7 lM. Further-
more, immunofluorescence microscopy confirmed the effect of
celgosivir on DENV2, since NS1 was hardly detected in the drug-
treated cells (Fig. 1B). Interestingly, celgosivir is about 100 times
more effective against DENV2 than the parent compound castano-
spermine (Fig. S1). These results suggest that celgosivir has a ro-
bust inhibitory effect against all four DENV serotypes (DENV1-4),
with greater potency than we and others have observed for cast-
anospermine (Schul et al., 2007; Whitby et al., 2005).

Since monocytes are subject to dramatically increased DENV
infection during severe secondary infection (Halstead and O’Rou-
rke, 1977), we recapitulated this scenario with in vitro ADE infec-
tion (in the presence of either sub-neutralizing or enhancing



Fig. 1. Inhibition of DENV replication by celgosivir (A) Dose response curve of celgosivir against DENV2 infection on BHK-21 cells at 48 h is shown. (B) Immunofluorescence
microscopy of DENV2-infected BHK21 cells following mock or celgosivir (20 lM) treatment. Virus replication was detected at 48 h using monoclonal anti-NS1 antibody
(green). (C) ADE-infected THP-1 cells were treated with various concentrations of celgosivir and the EC50 (0.496 lM) value was determined by plaque assay using media
supernatants at 48 h.
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concentrations of 4G2) of THP-1 monocytic cells and examined
whether celgosivir would have the same inhibitory action as ob-
served for direct infection of BHK-21 cells (Fig. 1). Our results
showed that the supernatant from the ADE infected cells had 10-
fold more infectious virus particles compared with direct virus
infection after 48 h (Fig. S2). Celgosivir significantly reduced
DENV2 ADE infection by plaque assay (Fig. 1C), with an EC50 of
�0.5 lM. The excellent potency of celgosivir in these in vitro mod-
els supported its further evaluation as an antiviral compound in a
murine DENV infection model that recapitulates ADE.

3.2. Mechanism of celgosivir action: viral and host targets

3.2.1. DENV NS1 as novel target of celgosivir action
It has been previously shown that a-glucosidase inhibitors dis-

rupt the folding of prM and E and prevent the maturation and re-
lease of viable DENV particles (Courageot et al., 2000). First we
Table 1
Efficacy of celgosivir in DENV serotypes.

DENV CFI (EC50)*

DENV-1 0.65 + 0.16 lM
DENV-2 0.22 + 0.01 lM
DENV-3 0.68 + 0.02 lM
DENV-4 0.31 + 0.12 lM

* The average EC50 values and SDS (n = 3) for celgosivir
determined by CFI assay (see Fig. 1A).
confirmed by immunofluorescence microscopy that the transport
of DENV E protein from the ER to the Golgi is blocked in the pres-
ence of celgosivir (Fig. S3). Since the impact of celgosivir on NS1
has not been reported, we addressed this question using the sub-
genomic replicon assay, which, rather than measuring the com-
plete viral life cycle, determines the effect of celgosivir on the rep-
lication of DENV NS genes. This assay relies on the use of replicon
cells, which are stably transfected with a DENV2 sub-genomic
replicon comprising of viral NS genes, with a luciferase reporter
(Ng et al., 2007). Interestingly, incubation of these cells with differ-
ent concentrations of celgosivir showed a decrease in luciferase re-
porter activity. As a control, cells were transfected with a luciferase
plasmid to rule-out the possibility that celgosivir directly inhibited
the luciferase activity. The EC50 of celgosivir against the DENV rep-
licon was thus determined to be around 2.2 lM (Fig. 2A). This re-
sult suggests that glycosylated DENV NS1 protein plays a
significant role in the viral genome replication cycle.

To examine the effect of celgosivir on DENV NS proteins, DENV2
infected BHK-21 cells were treated with celgosivir (20 lM) starting
at 1, 12 or 18 h post-infection and cells were harvested at 36 h
post-infection. Samples were separated by SDS–PAGE and detected
by Western blotting using antibodies against DENV NS1, NS3 or
NS5 (Fig. 2B). As the mode of action of celgosivir is through the
inhibition of glycosylation, the difference in band migration be-
tween the treated and untreated DENV NS1 protein suggests a de-
fect in N-linked glycosylation of this protein. At the same time the
other NS proteins such as NS3 and NS5, which are not glycosylated,
remained unaffected (Fig. 2B). Furthermore, using immunofluores-
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cence microscopy, we observed that celgosivir treatment resulted
in accumulation of NS1 in the ER and blocked the transport of
NS1 from the ER to the Golgi (Fig. 2C and D). Together, these data
showed that celgosivir inhibited the replication of DENV by affect-
ing the folding and transport of DENV NS1 between cellular com-
partments, which is an essential part of its secretion process.
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3.2.2. Celgosivir activates the UPR pathway
Celgosivir treatment triggers the accumulation of misfolded

proteins in the ER lumen which activates the UPR pathway (Schrö-
der and Kaufman, 2005). We showed previously that DENV infec-
tion caused the activation of UPR machinery (Paradkar et al.,
2011; Umareddy et al., 2006). To examine the impact of celgosivir
treatment on cellular UPR pathway, we infected THP-1 monocytes-
directly or via ADE with DENV2 and monitored several UPR marker
genes using real-time RT-PCR or relevant proteins by western blot-
ting. Celgosivir treatment resulted in significant reduction in the
level of NS1 mRNA during direct or ADE infection (Fig. 3A). BIP
(Grp78), the ER-resident chaperone and master regulator of UPR
machinery, was activated as seen by real-time RT-PCR and western
blotting analysis (Fig. 3C and B). BIP levels were found to be
slightly increased in the cells treated with celgosivir during direct
and ADE infection (Fig. 3B and C). Other proximal sensors of UPR
pathway activation, such as PERK and IRE-1, were activated in
the presence of celgosivir alone, as shown by measuring the activa-
tion of downstream factors in each pathway, i.e. phosphorylation
of eIF2a (Fig. 3B) and transcription of XBP-1 (Fig. 3C) respectively,
which were both increased over the untreated cells. However, celg-
osivir treatment of direct or ADE-infected cells showed a signifi-
cant reduction in the phosphorylation of eIF2a compared to the
corresponding infected cells without treatment (Fig. 3B). This sug-
gests that while celgosivir promotes the moderate activation of the
UPR pathway on its own, it acts to limit the heightened activation
that occurs in DENV-infected cells. Interestingly, we observed that
EDEM-1, an ER-resident chaperone that facilitates and hastens the
sorting of unfolded proteins to the degradation pathway (Hosoka-
wa et al., 2010), is strongly transcribed in the presence of celgosivir
(Fig. 3C). EDEM-1 is a pro-survival protein that promotes the
recovery of cells from ER stress by clearing the calnexin cycle
and facilitating terminal degradation of misfolded proteins (Moli-
nari et al., 2003; Oda et al., 2003). The level of EDEM-1 transcripts
were lower in THP-1 cells infected with virus directly or via ADE
compared with infected cells treated with celgosivir. In fact for
the ADE-infected cells with treatment, the EDEM trascript level
was more than 100-fold higher than the cell control. Conversely,
the level of CHOP (an apoptotic marker) transcripts was found to
be 16-fold higher in ADE infected THP-1 cells, suggesting that
many of these cells were infected and likely to undergo apoptosis.
Remarkably the level of CHOP-transcripts was significantly re-
duced (P < 0.05) in celgosivir-treated ADE infected cells (Fig. 3C).
Collectively, our data suggest that celgosivir treatment during
DENV infection modulates the UPR machinery and promotes cell
survival as depicted in the model (Fig. 3D).
3.3. Celgosivir is effective in both primary and lethal ADE mouse
models of DENV infection

Previously we showed that celgosivir significantly reduced vire-
mia in AG129 mice infected with a clinical strain of DENV2 (TSV01)
(Schul et al., 2007). Now we have used the recently developed
lethal DENV infection model (Zellweger et al., 2010) to test the effi-
cacy of celgosivir. During primary infection with a mouse-adapted
DENV strain S221, mice showed increased viremia on day 3, yet
80% survived day 10 (Fig. 4A and B) with virus completely cleared
Fig. 2. NS1 post-translational modification is affected by celgosivir. (A) Dose response cu
48 h with an EC50 value of 2.2 lM. (B) Western blot analysis on DENV2-infected BHK-21
harvested at 36 h, using antibodies against DENV NS1, NS3 and NS5 proteins. The differe
however, NS3 and NS5 remain unaffected. Uninfected BHK-21 cells (CC) were used as w
DENV2-infected BHK-21 cells at 36 h in the presence or absence of 20 lM celgosivir adde
In the presence of celgosivir DENV NS1 (green) accumulates in the ER and co localize wi
NS1 (green) with gigantin (red) and no such co-localization was observed in the presen

3

by day 8 (data not shown). On the other hand, mice infected with
the same virus dose 24 h after passive immunization with 4G2
antibody (ADE infection model) displayed very high viremia on
day 3 (Fig. 4B), with severe morbidity and 100% mortality by day
5 (Fig. 4A). To test the antiviral effect of celgosivir in both primary
and severe ADE infection models, mice were treated with 50 mg/kg
of celgosivir, twice-a-day, for 5 days starting from the day of infec-
tion. For delayed treatment studies, the twice a day dose celgosivir
treatment was administered 1 or 2 days post-infections. Remark-
ably, mice treated from the day of infection showed 100% survival
and those treated from day 1 or day 2-post-infection showed 75%
and 50% survival, respectively (Fig. 4A). Viremia data correspond-
ing to the survival curve showed significant reduction in the viral
burden of celgosivir-treated groups (Fig. 4B). We also sought to
determine the immune fitness of the surviving mice by kinetic ser-
um cytokine analysis. In all cases virally challenged mice devel-
oped a strong Th1 polarized signature by day 3, which in the
case of virus treatment alone progressed into a systemic inflamma-
tory signature by day 7. Interestingly, our data show that celgosi-
vir-treated mice were capable of maintaining significantly higher
levels of cytokines such as IFN-c, IL-9, RANTES, which are associ-
ated with immune clearance of viral pathogens (St. John et al.,
2011) and lower levels of proinflammatory cytokines including
TNF-a, MCP-1 and IL-6, which are associated with lethal immune
pathology during DENV infection (Priyadarshini et al., 2010)
(Fig. 4C). Cumulatively, these data suggest that celgosivir is a ro-
bust antiviral compound, effective in an in vivo model of both pri-
mary and severe ADE DENV infection.
4. Discussion

Despite the significant disease burden caused by DENV, no spe-
cific antiviral therapy is currently licensed for treatment. Promising
clinical candidates developed by the leading dengue drug discovery
groups have been abandoned because of adverse toxicology effects
in animal models (Yin et al., 2009). The use of clinical candidates that
have undergone extensive safety studies in humans for other dis-
eases as potential treatment in diseases like DF is a viable strategy,
if efficacy can be demonstrated in suitable in vitro and in vivo set-
tings. In this respect, a prior study reported that the plant alkaloid,
castanospermine, an ER a-glucosidase inhibitor, blocked DENV1
infection (Courageot et al., 2000) and that this inhibition was due
to the misfolding of structural glycoproteins E and prM. The pro-
drug of castanospermine, celgosivir, has been evaluated in humans
as a potential treatment against human immunodeficiency virus
(HIV) and hepatitis C virus (HCV) and tested for the safety and toler-
ability in over 600 subjects at doses between 10 and 600 mg (Kaita
et al., 2007). It was dosed in some HCV patients for between 24
and 48 weeks at 400 mg daily (Durantel, 2009). Furthermore, we
had previously tested celgosivir, along with other well-known
nucleoside inhibitors to establish the AG129 mouse model as vehicle
to obtain in vivo efficacies of novel antiviral compounds against
DENV that were in the drug discovery pipeline (Schul et al., 2007;
Yin et al., 2009). The study by Schul and colleagues showed that
the viral load of DENV2 TSV01 strain could be reduced by high-dose
(75 mg/kg) treatment with celgosivir and efficacy was also main-
tained following treatment of up to 1 day post-infection.
rve showing inhibitory activity of celgosivir in DENV2 sub-genomic replicon cells at
cells, after treatment with celgosivir (20 lM) at 1, 12 and 18 h post-infection and

nce in protein migration shows the effect of celgosivir on the glycosylation of NS1;
estern blotting negative control. (C) Immunofluorescence microscopy performed on
d 12 h post-infection using antibodies against host protein BIP and viral protein NS1.
th BIP (red). (D) Mock-treated DENV2-infected BHK21 cells show co-localization of
ce of celgosivir.



Fig. 3. Celgosivir modulates host cellular UPR machinery. (A) ADE-infected THP-1 cells were mock or celgosivir (20 lM) treated for 48 h followed by real time PCR detection
of viral/host UPR gene transcripts or western analysis. As shown, celgosivir treatment significantly reduced the levels of NS1 RNA compared to the mock treated cells. (B)
Western blot showing increased protein levels of BIP and eIF2-a phosphorylation upon celgosivir treatment. Uninfected/untreated BHK-21 cells (CC) were used as cell control.
(C) Real time PCR analysis shows celgosivir treatment leads to transcription induction of UPR genes such as BIP and XBP-1 and reduction in the levels of CHOP. Significance
was determined by 1-way ANOVA. (D) Schematic model showing the celgosivir driven modulation of UPR machinery in a DENV infected cell.
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In this background more detailed studies were carried out with
celgosivir in the present study. We showed that celgosivir is effec-
tive against all four serotypes of DENV and that it also inhibited
DENV-2 ADE infectionof human monocytic cells. Since, in our pre-
vious mouse model, the viral load in serum reduced without treat-
ment after peaking at day 3 post-infection, we tested the efficacy of
celgosivir in the newly established lethal dengue model (Balsitis
et al., 2010; Tan et al., 2010; Zellweger et al., 2010). We established
a window of infection where a selected dose of the mouse adapted
virus alone resulted in �80% survival. However passive immuniza-



Fig. 4. Celgosivir is effective in a lethal challenge mouse model of DENV infection. (A) Direct and ADE DENV infection was modeled in AG129 mice and treatment was done
with vehicle control (1% DMSO in PBS) or celgosivir (50 mg/kg/mouse) twice daily for 5 days starting from day 0, 1 or 2 post-infection. Celgosivir treatment significantly
enhanced mouse survival (P < 0.0001). (B) Celgosivir-treated mice showed reduced viremia over the vehicle control as determined by plaque assay. (A) Serum cytokine
analysis was performed on the mock- or celgosivir-treated mice. Heat map data displayed from 0 to 500 pg/ml shows elevated levels of cytokines such as IFN-c, IL-9, RANTES
and reduced levels, TNF-a and IL-6. The day celgosivir treatment was initiated is in parentheses group’s label. Samples from days 1 (D1), 3 (D3) and 7 (D7) were analyzed. For
significant data analysis the bioplex assay was repeated 2 times with the respective serum samples.

A.P.S. Rathore et al. / Antiviral Research 92 (2011) 453–460 459
tion with E protein cross-reactive monoclonal antibody (4G2) 24 h
prior to infection with the same virus dose resulted in 100% mor-
tality at day 5. In this condition we found that the celgosivir dose
that was chosen on the basis of our previous work was 100% pro-
tective when administered twice a day starting from the day of
infection. Strikingly, in this lethal infection model we observed that
even with treatment delayed by two days post-infection, 50% of
mice survived the ADE challenge. These findings together with
the data from the kinetic immunomonitoring, which showed im-
proved immune status of the drug, treated animals raise the confi-
dence on the efficacy of celgosivir and its potential use in the clinic
against dengue fever, an acute viral infection that only requires a
short course of treatment.

To further strengthen the case we demonstrated that in addi-
tion to the prM and E proteins (Courageot et al., 2000), celgosivir
strongly inhibited viral genome replication by causing the NS1 pro-
tein to misfold and accumulate in the ER. That NS1 is also a target
of celgosivir and a component of the overall effect of DENV replica-
tion is a finding that potentially has clinical significance due to
NS1’s association with severe DENV pathogenesis (Avirutnan
et al., 2006, 2007;Falconar, 1997; Falconar and Martinez, 2011; Li-
braty et al., 2002).

The UPR machinery that maintains the cell’s protein produc-
tion homeostasis is activated when newly synthesized proteins
in the ER, misfold and accumulate in the lumen. Since celgosivir
treatment without infection creates general ER stress in a cell,
the transcription level of several UPR genes and some of the pro-
teins were monitored to understand the ‘‘yin and yang’’ of the
drug treatment on infected THP-1 cells. The increase in pro-apop-
totic transcripts, BIP and CHOP, and the enhanced phosphoryla-
tion of eIF2a in celgosivir-treated uninfected cells appears to be
balanced by a significant increase in the transcription levels of
EDEM-1, which encodes the pro-survival ER-resident chaperone
that helps in terminal degradation of misfolded proteins to miti-
gate ER stress. In the direct or ADE-infected THP-1 cells without
drug treatment the pro-apoptotic genes are up-regulated and the
level of EDEM-1 transcript is lower than CHOP. This is consistent
with DENV infection promoting ER stress and causing cell-death
by increased apoptotic activity. In contrast, DENV infection in
the presence of celgosivir is marked by the modulation of the
UPR machinery, where ER stress is reduced and survival is en-
hanced likely due to celgosivir-induced increased levels of pro-
survival proteins, EDEM-1 and XBP-1, and significantly reduced
levels of the apoptotic marker, CHOP. The caveat in the present
interpretation, however, is that the increased transcription levels
need not necessarily imply higher protein production of the pro-
survival factors.

In conclusion, the ER a-glucosidase inhibitor celgosivir is a
promising antiviral agent against DENV infection, with clear evi-
dence of in vitro and in vivo activity. As its precursor, Cast, is de-
rived readily from trees that can be grown in tropical/sub-
tropical climates, it is interesting to consider celgosivir as a
possible affordable therapeutic agent in DENV endemic regions.
Based on the detailed pre-clinical data presented here, we believe
that further development of celgosivir is warranted as a possible
treatment for DENV infection.
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