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Infection by one of the 4 distinct serotypes of dengue virus (DENV) threatens >40% of the world’s popu-
lation, with no efficacious vaccine or antiviral agent currently available. DENV replication through the
virus-encoded nonstructural protein (NS) 5 protein occurs in the infected cell cytoplasm, but NS5 from
DENV2 has thus far been shown to localize strongly in the nucleus throughout infection. Here we use spe-
cific antibodies cross-reactive with NS5 from DENV1–4 to demonstrate nuclear localization of NS5 from
all DENV serotypes for the first time in both infected as well as transfected cells, although to differing
extents. The small-molecule inhibitor Ivermectin was inhibitory towards both DENV 1 and 2 NS5 inter-
action with its nuclear transporter importin a/b in vitro, and protected against infection from DENV1–4.
Ivermectin thus has potential in the clinical setting as a dengue antiviral.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction, M&M, Results and Discussion

Dengue virus (DENV), a mosquito-borne human pathogen
encompassing 4 distinct but closely related serotypes, is a threat
to >40% of the world’s population. It contains a positive-sense, sin-
gle-stranded RNA genome that is translated and replicated in the
host cell cytoplasm, encoding three structural (capsid, pre-mem-
brane/membrane, and envelope) and seven nonstructural (NS) pro-
teins (Lindenbach et al., 2007). The multifunctional NS5 is the most
conserved amongst DENV1–4, comprising an N-terminal methyl-
transferase (amino acids, aa1–272) (Egloff et al., 2002; Yap et al.,
2010) and C-terminal RNA-dependent RNA polymerase (RdRp)
(aa273–900) domains (Ackermann and Padmanabhan, 2001; Bar-
tholomeusz and Wright, 1993; Tan et al., 1996; Yap et al., 2007).
The basis of the finding that hyperphosphorylated NS5 appears
strongly in the infected cell nucleus as well as in the cytoplasm
(Kapoor et al., 1995) is that there are functional signals for nuclear
import (nuclear localization sequence, NLS) and export (nuclear
export signal, NES) within aa320–405 of NS5 RdRp (Fig. 1A), con-
served in DENV1–4 (Brooks et al., 2002; Forwood et al., 1999; Pryor
et al., 2007; Rawlinson et al., 2009). We previously showed that the
NS5 NLS and NES mediate nucleocytoplasmic transport through
conferring specific recognition by the cellular nuclear transporters
importin (IMP) heterodimer IMPa/b1 and CRM1 (exportin 1),
respectively (Alvisi et al., 2008; Caly et al., 2012; Wagstaff and Jans,
2009); importantly, mutational studies with infectious clones
show that a loss of nuclear localization of DENV2 NS5 strongly cor-
relates with restricted virus production (Kumar et al., 2013; Pryor
et al., 2007; Rawlinson et al., 2009).

DENV2 NS5 nuclear localization has been documented in in-
fected as well as transfected cells (Brooks et al., 2002; Forwood
et al., 1999; Pryor et al., 2007) but little information is available
for the other DENV serotypes. We derived cross-reactive, NS5-spe-
cific, human antibody fragments using phage display (Zhao et al.,
manuscript in preparation), and expressed full IgG versions of
the RdRp reactive 5R3 and MTase-reactive 5M1 antibodies in
HEK293T cells (Chan et al., 2012; Moreland et al., 2012); the anti-
bodies recognize full-length NS5 from all four DENV serotypes
with nM affinity. The antibodies were subsequently employed to
show that NS5 can be detected in DENV1–4 infected (MOI = 10)
Huh-7 cells fixed 24 h post-infection (p.i.) by immunostaining/con-
focal laser scanning microscopy (CLSM) (Fig. 1B). Results for the ra-
tio of nuclear to cytoplasmic fluorescence (Fn/c), determined from
image analysis (Collins, 2007) of digitized CLSM images (such as
those in Fig. 1B), confirmed that DENV3 NS5 was predominantly
nuclear like DENV2 NS5 (Fn/c of 11 and 12, respectively), whereas
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Fig. 1. NS5 from DENV1–4 exhibits nuclear localization, but to differing extents. (A) Alignment of aa320–405 of NS5 RdRp domain in four DENV serotypes reveals conserved
NLS and NES sequences. The NS5 NLS (aa368–389; highlighted in grey), is characterized by two clusters of basic residues (in bold) separated by a 10–12 aa spacer (Fontes
et al., 2003; Robbins et al., 1991). The NS5 NES (aa327–343; highlighted in dark grey) is characterized by the presence of hydrophobic/leucine residues (in bold) (Fornerod
et al., 1997; la Cour et al., 2004). Phosphorylation of threonine within TREE region (underlined) by protein kinase CK2 is believed to reduce nuclear import (Forwood et al.,
1999). GenBank™ accession numbers for the relevant sequences are: DENV1 (EU081230), DENV2 (EU081177), DENV3 (EU081190) and DENV4 (GQ398256). (B) Huh-7 cells
were mock-infected or infected with DENV1–4 (GenBank™ accession numbers are as per A) at an MOI of 10 and fixed at 24 h p.i., and anti-NS5 and -envelope (not shown)
antibodies used for immunostaining. Images were captured by confocal laser scanning microscopy (CLSM) using a Zeiss LSM 710 upright confocal microscope. (C) Image
analysis was performed on digitized images such as those in B to determine nuclear to cytoplasmic ratio (Fn/c) for NS5 for each serotype using ImageJ software. Data
represent the mean ± SEM (n > 25 cells), background fluorescence subtracted, from a single assay, representative of two independent experiments. (D) Cos-7 cells were
transfected with GFP or GFP-NS5 (serotypes 1–4; sequences as in (A) except DENV2 accession number is AY037116) and imaged live at 24 h post–transfection by CLSM using
a Nikon C1 invert microscope. (E) Image analysis was performed on digitized images such as those in (D) to determine the Fn/c ratio. Data are the mean ± SEM (n > 40 cells),
background fluorescence subtracted, from a single assay, representative of three independent experiments.

302 M.Y.F. Tay et al. / Antiviral Research 99 (2013) 301–306
DENV1 and DENV4 NS5 were strikingly less so (Fn/c of 0.8 and 1.7,
respectively) (Fig. 1C). Uniquely in the case of DENV1, NS5 also
exhibited localization in the perinuclear region in infected cells
(Fig. 1B). Similar results were observed for DENV1–4 infected
BHK-21 cells (not shown); see also Fig. 2A and B. Thus, although
NS5 is clearly present in the nucleus of DENV1–4 infected cells,
the amount of nuclear protein varies widely.
The nuclear targeting ability of NS5 from the different DENV
serotypes was further assessed by fusing the NS5 coding sequences
to that of green fluorescent protein (GFP), and expressing the en-
coded proteins in transfected Cos-7 cells. Live cell CLSM gave re-
sults similar to those observed for NS5 in infected cells (Fig. 1D
and E); all GFP-NS5 proteins showed nuclear localization, with
DENV2 and 3 NS5 showing higher accumulation. DENV1 NS5



A

B

Fig. 2. DENV1 NS5 shows increased nuclear localization over time in infected cells. (A) Huh-7 cells were mock-infected or infected with DENV1 or 2 at an MOI of 10 and fixed
at various times p.i. (B) Image analysis was performed on digitized images such as those in (A) to determine the Fn/c ratio. Data are the mean ± SEM (n > 25 cells), from a
single assay, representative of two independent experiments. Statistical analysis (Student’s t test) was performed using GraphPad Prism software (⁄⁄⁄p < 0.0001).
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showed the lowest level of accumulation (Fn/c of 0.5), but this
could be increased significantly by treatment with the CRM1 spe-
cific inhibitor leptomycin B (LMB; see Supplementary Fig. 1), indi-
cating for the first time the contribution to DENV1 NS5 cytoplasmic
localisation of CRM1-dependent nuclear export, previously docu-
mented for DENV2 (Pryor et al., 2007; Rawlinson et al., 2009).
Importantly, in the absence of LMB DENV1 NS5 accumulates in
the nucleus to a c. 3-fold higher (p < 0.0001) extent (Supplemen-
tary Fig. 1) than the NLS/CRM1-recognized NES-containing control
Rabies P protein (Moseley et al., 2009), indicative of significant nu-
clear targeting ability on the part of DENV1 NS5.

We focussed on DENV1- and DENV2-infected cells, NS5 being
able to be detected as early as 12 h post-infection (not shown).
DENV2 NS5 was predominantly nuclear at all subsequent time
points (Fig. 2A and B), whereas DENV1 NS5 was more cytoplasmic
at 24 h (Fn/c of 0.7), but displayed significant nuclear localization
at 36 and 48 h post-infection (Fn/c reaching almost 1.5, well in ex-
cess of a value of 1 which denotes equimolar concentrations in nu-
cleus and cytoplasm). The slower kinetics of nuclear localization of
DENV1 NS5 could not be attributed to a significantly slower infec-
tion rate in DENV1 compared to that of DENV2 (see Supplementary
Fig. 2); data were similar for the DENV1 prototype Hawaii strain
(not shown). Clearly, NS5 localizes in the nucleus in DENV1-in-
fected cells, but to a lower extent than in DENV2-infected cells.

We confirmed DENV1 NS5’s nuclear targeting ability by testing
whether it may be recognized by IMPa/b1 (Fig. 3A), in similar
fashion to DENV2 NS5 (Pryor et al., 2007; Rawlinson et al., 2009;
Wagstaff et al., 2012) in an AlphaScreen� binding assay (Wagstaff
and Jans, 2006; Wagstaff et al., 2011, 2012). Both DENV1 and 2
His6-NS5 were found to be recognized by IMPa/b1 with high affin-
ity (apparent dissociation constant of 0.2–0.4 nM).

We recently established that the small molecule Ivermectin,
identified in a screen for inhibitors of interaction of viral proteins
with IMPa/b1 that specifically targets the host IMPa protein (Wag-
staff et al., 2011), is also able to block interaction of IMPa/b1 but
not of IMPb1 alone with DENV2 NS5 (Wagstaff et al., 2012). Impor-
tantly, we found that Ivermectin inhibited recognition of both
DENV1 and DENV2 NS5 by IMPa/b1 with similar half-maximal
inhibitory concentration (IC50) values of 2.3 and 1.5 lM, respec-
tively (Fig. 3B); the specificity of the effects are indicated by the
fact that Ivermectin did not inhibit binding of NS5–NS3 (Takahashi
et al., 2012) (see Supplementary Fig. 3), further supporting the
specificity of Ivermectin’s action being towards IMPa rather than
NS5 (Wagstaff et al., 2012).

To examine the implications of the above with respect to Iver-
mectin’s antiviral potential (Wagstaff et al., 2012), we tested its
ability to protect against infection by DENV1–4 in BHK-21 and
Huh-7 cells, commonly used for DENV infectious assays. BHK-21
cells were mock-infected or infected with DENV1–4 at an MOI of
0.3 in the presence or absence of increasing concentrations of Iver-
mectin, followed by fixation/quantitation of virus envelope protein
at 48 h p.i. The half-maximal effective concentration (EC50) values
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Fig. 3. Ivermectin can block association of DENV 1 and 2 NS5 with IMPa/b1 and inhibits DENV1–4 replication. (A) The binding affinities of recognition of DENV1/2 NS5 by
IMPa/b1 were determined using an AlphaScreen� assay (Wagstaff and Jans, 2006; Wagstaff et al., 2011) whereby 30 nM His6-NS5 was incubated with increasing
concentrations of IMPa/b1-B (Impa/b heterodimer containing biotinylated IMPb1; b1-B). Data represent the mean ± standard deviation (SD) with background signal for the
assay in the absence of IMPa/b1-B subtracted, for a single typical experiment performed in quadruplicate, representative of a series of 3 independent experiments. (B) Binding
of His6-NS5 to IMPa/b1-B was validated by including increasing concentrations of the nuclear import inhibitor Ivermectin, a compound that disrupts NS5-IMPa/b1
interaction (Wagstaff et al., 2012), in the assay, performed using 30 nM NS5 and 10 nM IMPa/b1-B. Data are the mean ± SD as per (A). (C) DENV1–4 infected BHK-21 cells were
treated with various concentrations of Ivermectin (0.4–45 lM) and the EC50 values (n = 3) determined by CFI assay 48 h p.i. Data are representative of a series of two
independent experiments; see Table 1 for pooled data.
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(Fig. 3C), estimated using an established cell-based flavivirus
immunodetection assay (Rathore et al., 2011; Wang et al., 2009),
were similar for DENV1–4 (1.6–2.3 lM; see Table 1). Ivermectin’s
antiviral action was confirmed in Huh-7 cells for DENV1/2 using
an established plaque assay (Table 1) (Wang et al., 2009), underlin-
ing the fact that Ivermectin’s effects are not cell-type specific. Iver-
mectin was not toxic at concentrations near the EC50 value (see
footnote to Table 1; Wagstaff et al., 2012). That the EC50 values
for all 4 DENV serotypes were comparable and close to the values
for inhibition of IMPa/b1 binding to NS5 in vitro (Fig. 3B) is consis-
tent with the idea that Ivermectin targets an important host pro-
tein (IMPa – see above); thus, even though the level of NS5
nuclear accumulation is markedly different for DENV1–4, in part
due to the balance of the distinct nuclear import and export target-
ing activities of each (see Figs. 1 and 2; Supplementary Fig. 1), the
respective level of nuclear accumulation of NS5 evident in infected
cells appears to be of critical importance to the viral life cycle. De-
spite this, it cannot be excluded that the antiviral effects of Iver-
mectin are due to inhibition of IMPa/b1-mediated nuclear import
of a cellular factor(s) important for DENV infection, rather than
of NS5 itself. Ivermectin did not inhibit DENV NS5 RdRp activity
in vitro (not shown) assessed as previously (Yap et al., 2007), fur-
ther consistent with its antiviral activity being due to action on
IMPa rather than NS5 (Wagstaff et al., 2011, 2012).

It should also be noted in this context that Ivermectin has re-
cently been reported to have inhibitory activity towards dengue
NS3 (Mastrangelo et al., 2012), meaning that it is not formally
possible to interpret the results for the antiviral activity of Iver-
mectin reported here for the first time as attributable purely to
inhibition of NS5 nuclear import. Our preliminary results (manu-
script in preparation) for a newly identified, distinct inhibitor of
IMPa/b1 binding to NS5, retinoic acid p-hydroxyanilide (4-HPR;
Fraser et al., 2013), however, are strongly consistent with this
idea. What the present study clearly shows for the first time is
that NS5 of DENV1–4 localize in the nucleus in both infected
and transfected cells to differing extents, and that the IMPa tar-
geting inhibitor Ivermectin can inhibit infection by DENV1–4,
implying that NS5 nuclear localization may be critical to infection
by all 4 DENV serotypes. Although NS5’s precise nuclear role in
pathogenesis remains to be delineated in detail, it presumably re-
lates in part to transcriptional modulation of expression of the
antiviral response, including induction of the cytokine interleu-
kin-8 (Medin et al., 2005; Pryor et al., 2007; Rawlinson et al.,
2009).



Table 1
Summary of antiviral activities of Ivermectin and other agents towards DENV
serotypes 1–4.

Viral titre (lM) (EC50)

Serotype Agent BHK-21a Huh-7b

DENV1 Ivermectinc 2.32 ± 1.06 2.97 ± 0.07
Celgosivird 0.26 ± 0.00 N.D.e

NITD008d 1.37 ± 0.41 2.53 ± 0.08
DENV2 Ivermectin 2.08 ± 0.94 1.74 ± 0.15

Celgosivir 0.32 ± 0.05 N.D.e

NITD008 1.32 ± 0.56 0.22 ± 0.05
DENV3 Ivermectin 1.66 ± 0.66 N.D.e

Celgosivir 0.09 ± 0.02 N.D.e

NITD008 0.50 ± 0.19 N.D.e

DENV4 Ivermectin 1.90 ± 0.89 N.D.e

Celgosivir 0.08 ± 0.01 N.D.e

NITD008 0.65 ± 0.28 N.D.e

a Data are for the mean ± SD (2 independent experiments performed in triplicate)
as determined by CFI assay on mock or DENV1–4 infected BHK-21 cells treated with
0.4–45 lM of the indicated agents as per Fig. 3C.

b Data are for the mean ± SD (single experiment performed in duplicate), as
determined by plaque assay on BHK-21 cells using media supernatant at 48 h post-
infection of mock-infected or DENV1–2 infected Huh-7 cells treated with 0.16–
5 lM of the indicated agents.

c CC50 for BHK-21 and Huh-7 for Ivermectin are 9.8 and 7.3 lM, respectively
(48 h treatment).

d The established inhibitors of DENV Celgosivir (Rathore et al., 2011) and
NITD008 (Yin et al., 2009) were included in the assays as controls; CC50 values
of > 100 lM.

e N.D., Not determined.
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Ivermectin has been in clinical use for almost 25 years as a
broad-spectrum antiparasitic drug against helminths, offering
important opportunities for repurposing as an antiviral agent for
dengue (Omura, 2008; Mastrangelo et al., 2012). Since Ivermectin
is widely used in Papua New Guinea communities with frequent
dengue infections (Omura, 2008), an intriguing possibility in this
context may be to conduct prospective serosurveys on cohorts of
patients to confirm Ivermectin’s protective efficacy.
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