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Cellular a-glucosidases I and I are enzymes that sequentially trim the three terminal glucoses in the N-
linked oligosaccharides of viral envelope glycoproteins. This process is essential for the proper folding of
viral glycoproteins and subsequent assembly of many enveloped viruses, including dengue virus (DENV).
Imino sugars are substrate mimics of a-glucosidases I and II. In this report, we show that two oxygenated
alkyl imino sugar derivatives, CM-9-78 and CM-10-18, are potent inhibitors of both a-glucosidases I and

Keywordsf Il in vitro and in treated animals, and efficiently inhibit DENV infection of cultured human cells. Pharma-
?r;icriz(::glg? se cokinetic studies reveal that both compounds are well tolerated at doses up to 100 mg/kg in rats and have
Dengue virus favorable pharmacokinetic properties and bioavailability in mice. Moreover, we showed that oral admin-
Ribavirin istration of either CM-9-78 or CM-10-18 reduces the peak viremia of DENV in mice. Interestingly, while

Combination treatment of DENV infected mice with ribavirin alone did not reduce the viremia, combination therapy of
ribavirin with sub-effective dose of CM-10-18 demonstrated a significantly enhanced antiviral activity,
as indicated by a profound reduction of the viremia. Our findings thus suggest that combination therapy
of two broad-spectrum antiviral agents may provide a practically useful approach for the treatment of
DENV infection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction threatening dengue hemorrhagic diseases are considered to be due

to a higher titer of viremia, antivirals that reduce viral load by

Dengue virus (DENV) is a mosquito-borne flavivirus that causes
lethal hemorrhagic fever in people and is currently classified as
a re-emerging infectious disease of bioterror concern (Mackenzie
et al.,, 2004). Effective antiviral therapies and vaccines are not yet
available to treat or prevent DENV infection. Because the life-

Abbreviations: DENV, dengue virus; ER, endoplasmic reticulum; DN]J, deoxyno-
jirimycin; BVDV, bovine viral diarrhea virus; FOS, free oligosaccharide; 1Cso, 50%
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concentration; CFI, cell-based flavivirus immunodetection; PK, pharmacokinetic.
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10-fold or greater are anticipated to decrease mortality of DENV
infection (Noble et al., 2010; Vaughn et al., 2000).

Concerning the antiviral strategies to inhibit DENV infection,
one of the most obvious approaches is to directly target virus
encoded enzymes and other functions. Alternatively, inhibition of
host cellular functions required for DENV replication or activation
of host cellular intrinsic antiviral programs should also impair the
viral replication. In fact, compared to targeting viral functions, one
of the major advantages of targeting host functions is the lower
likelihood of the emergence of drug-resistant mutants (Noble et al.,
2010).

a-Glucosidases I and Il are endoplasmic reticulum (ER) resi-
dent enzymes responsible for the sequential hydrolysis of glucose
residues from the asparagine-linked (N-linked) oligosaccharides
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on glycoprotein precursors (Helenius and Aebi, 2004). Removal
of the glucose residues is essential for the glycoproteins to inter-
act with ER chaperones, which ensures the proper folding of the
glycoproteins (Dwek et al., 2002). Imino sugars, represented by
deoxynojirimycin (DN]J), are glucose mimics that act as competitive
inhibitors of a-glucosidases I and II. It has been demonstrated, by
others and us that imino sugar derivatives selectively inhibited the
virion assembly and secretion of many enveloped viruses, includ-
ing DENV (Block et al., 1998, 1994; Chang et al., 2009; Dwek et al.,
2002; Gu et al., 2007; Jordan et al., 2002). However, the essen-
tial role of cellular a-glucosidase II in DENV infection was only
recently demonstrated in a genome-wide siRNA knockdown effort
to identify host factors required for or restricting the virus infection
(Sessions et al., 2009).

In our effort to search for imino sugar derivatives with superior
antiviral activity against DENV, we found previously that two phar-
macophores of oxygenated alkyl imino sugar derivatives, CM-9-78
and CM-10-18, potently inhibit bovine viral diarrhea virus (BVDV)
infection in cell cultures (Chang et al., 2009). In this study, we fur-
ther demonstrate that both compounds are glucosidase inhibitors
in vitro and in treated mice. Interestingly, although monotherapy
of DENV-infected mice with either CM-9-78 or CM-10-18 mod-
estly reduced the viremia, combination therapy with a clinically
approved broad-spectrum antiviral compound, ribavirin, greatly
improved the antiviral activity of the imino sugar. Our results imply
that combination therapy of DENV infection with two mechanisti-
cally distinct antiviral compounds may provide an option for the
treatment of dengue fever and dengue hemorrhagic diseases.

2. Materials and methods
2.1. Invitro a-glucosidases I and Il enzymatic assay

Free oligosaccharide (FOS), GlczMansGIcNAcq, a substrate for
glucosidase I, and Glc;MansGIcNAcq, a substrate of glucosidase II,
were purified as previously described (Alonzi et al., 2008). Follow-
ing 2-AA (2-aminobenzoic acid)-fluorescent labeling of the FOS,
purified a-glucosidase I or a-glucosidase II (from rat liver) and
various concentrations of CM-9-78 or CM-10-18 were added. Sep-
aration of the hydrolysis products was performed using Normal
phase-HPLC (NP-HPLC, Waters). Measurement of areas under the
peak area was used as quantification of the hydrolysis product by
a-glucosidase I or a-glucosidase II. Dose-response curves were
generated to calculate the concentration required to inhibit enzyme
activity by 50% (I1Csp).

2.2. Invitro antiviral assay against DENV infection

A cell-based flavivirus immunodetection (CFI) assay was used to
determine the in vitro anti-dengue activity, as previously described
(Wang et al., 2009). Briefly, 2 x 10% of A549 cells were seeded in
96-well plate and cultured overnight, before they were infected
with DENV (serotype II, TSVO1 strain, virus was produced as pre-
viously described (Schul et al., 2007)) at multiplicity of infection
(MOI) of 0.3 for 1h, followed by incubation in absence or pres-
ence of indicated doses of test compounds for 2 days. The cells
were then fixed and incubated with primary antibody specific
for flavivirus envelope (E) proteins (mouse monoclonal antibody
4G2, ATCC), followed by incubation with secondary horseradish
peroxidase-conjugated anti-mouse immunoglobulin G. After addi-
tion of substrate, the plate was read at 450 nm to quantify the DENV
E protein. Dose-response curves were generated to calculate 50%
effective concentration (ECsq) values.

CFI assay was also used as in vitro antiviral assay to evaluate
synergistic effect between imino sugar and ribavirin. CM-10-18 or

ribavirin, were used either alone or in combination at indicated
doses, in a checkerboard dilution matrix format (Buckwold et al.,
2003). This experiment was performed in 8 replicates for each
dose condition to generate statistically sufficient data to facilitate
subsequent application of MacSynergy II, a program allowing for
the plotting of synergistic effect (Prichard et al., 1993). Briefly, if
the drug-drug interaction is additive, this program will generate a
horizontal surface, however, if the interaction is greater-, or less-
than-expected, it will generate peak above or below the surface to
indicate a synergy or antagonism interaction.

Cell viability assay was performed using propodium iodide
staining to monitor the cytotoxicity of test compounds.
Dose-response curves were generated to calculate 50% cytotoxic
concentration (CCsg).

2.3. Pharmacokinetic (PK) analysis

Female CD-1 mice were used to generate PK parameters shown
in Table 2. CM-10-18 was formulated in phosphate buffered
saline (PBS) pH 7.4, and dosed at 32.4 mg/kg (oral), or 6.5 mg/kg
intravenously (i.v.). Blood samples were collected at 0.02 (i.v.
only), 0.08 (oral only), 0.25, 0.5, 1, 2, 4, 8, and 24 h (oral only)
post-administration. PK parameters were calculated as previously
described (Yinetal.,2009). Three mice were included in each dosing
group.

Dose escalation studies of CM-9-78 and CM-10-18 were
performed to measure PK and preliminary toxicity, with
Spague-Dawley rats (BASi) (Fig. 2A). Compounds in PBS were
given via intra-peritoneal i.p. route, through an implanted catheter.
Three rats per compound were given vehicle plus four escalat-
ing doses (0.5, 5, 25, and 100 mg/kg, all dosed at 5ml/kg) of test
compounds every 48-72 h. To monitor systemic compound con-
centration, blood samples were collected following each dosing, at
time points indicated in Fig. 2A. Tissue concentrations (liver, kid-
ney, brain and abdominal fat) from samples collected 4 h post-dose
following i.p. administration of 100 mg/kg CM-9-78 or CM-10-18
were also measured. Analysis of compounds was performed using a
gradient HILIC LC-MS/MS technique. Animals were monitored with
each dose to assess possible toxic response post-administration.

For experiment shown in Fig. 2B, 6 week-old S129 mice (AG129
mice used in animal efficacy studies are derived from S129 mice)
were used. 25 or 100 mg/kg of CM-9-78 were given by oral gav-
age or i.p. injection. Each group contained 6 mice. Blood samples
were collected at 4, 8 and 12 h post-dosing. Analysis of compounds
was performed by BASi, using similar method developed for rat
experiments.

2.4. Antiviral efficacy in DENV infected mice

The in vivo efficacy experiments were largely performed as pre-
viously described, using a dengue viremia model in AG129 mouse
(defective of both type I and type II interferon receptors) (Schul
etal., 2007). Each experiment contained 6 mice (7-8 week-old) per
dosing group. The mice were challenged with DENV (serotype 2,
TSVO1 strain), at 5 x 106 pfu/mouse via i.p. injection. Imino sugars
were dosed twice daily at 12 h intervals, and ribavirin was dosed
once daily, for 3 consecutive days post-infection. Blood samples
were drawn 3 days post-infection for determination of plasma virus
titer by plaque assay, as previously published (Schul et al., 2007).

2.5. Detection of free oligosaccharides (FOS) in plasma from
treated mice

FOS was isolated from 25 pl of plasma samples from mice
treated with indicated compounds, using a procedure described
previously (Alonzi et al., 2008). After labeling of the FOS with
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Table 1
Inhibition of a-glucosidases I and Il enzymatic activity.
Compound CM-9-78 CM-10-18
OH
HO.,, WOH OH
Q\/OH HO.. &H
(C',l’z)e \ OH
o] " O(CH2)6
Structure Q (L\
Enzyme: a-glucosidase I'substrate: GlcsMansGIcNAc; ICsg (M) 0.424+0.15 0.46+0.18
Enzyme: a-glucosidase lIsubstrate: Glc;MansGlcNAcy ICso (LM) 2.63+0.25 1.55+0.21

2-AA, a NP-HPLC analysis was performed to separate individual
FOS as shown in Fig. 6A. The peak areas of two 2-AA-labeled
FOS (GlcyMangGlcNAc; and ManyGIcNAc; ) were measured using
Waters Empower software to generate quantitative values of each
FOS, and expressed as pwVs (Fig. 6B). While Man,GIlcNAc; FOS
serves as internal control, Glc;Man4GIcNAc, a representative FOS
of terminal mono-glucose retention as a result of glucosidase Il inhi-
bition, is the indicator of the effect of imino sugar on glucosidases
activities in vivo (Alonzi et al., 2008).

3. Results

3.1. Imino sugar derivatives CM-9-78 and CM-10-18 inhibit
a-glucosidases I and Il enzymatic activities

We have previously reported a novel series of imino sugar
derivatives with nitrogen linked 5 or 6 carbon alkyl side chain and
variable terminal ring structures (Changetal.,2009; Gu et al.,2007).
CM-9-78 and CM-10-18 are two representative compounds from
this class (Table 1). Although we have demonstrated previously
that both CM-9-78 and CM-10-18 inhibited the virion assembly
and secretion of BVDV, which is in agreement with the inhibition of
cellular a-glucosidases (Chang et al., 2009), we have now obtained
direct evidence with an in vitro enzymatic assay that both CM-9-
78 and CM-10-18 are a-glucosidase I inhibitors with ICsq values
of 0.42 pM and 0.46 wM, respectively and inhibit a-glucosidase
Il activity with ICsp values of 2.63 uM and 1.55 wM, respectively
(Table 1). These results demonstrated that CM-9-78 and CM-10-18
are inhibitors of both a-glucosidases I and II.

3.2. Invitro antiviral activity of CM-9-78 and CM-10-18

We reported previously that CM-9-78 inhibited DENV and WNV
infection in African green monkey kidney (Vero) cells (Chang
et al., 2009). Since imino sugars target the host a-glucosidases
, ideally, their antiviral activity would be tested in cultured human
cells. To this end, the antiviral efficacy of CM-9-78 and CM-10-18
was further evaluated in A549 cells, a human lung cancer-derived
cell line. As shown in Fig. 1, both CM-9-78 and CM-10-18 signif-
icantly inhibited DENV infection of A549 cells, with ECsq values
of 1.5 M and 1.1 wM, respectively. In agreement with previous
results obtained from Vero cells, the two compounds are well tol-
erated by human cells with CCsq values of >100 .M.

3.3. PK property and preliminary in vivo toxicity of CM-9-78 and
CM-10-18

In order to evaluate the antiviral efficacy of the two novel imino
sugars in a mouse model, we first performed PK studies to deter-
mine the proper administration route, dose range, and frequency
of administration.

The PK parameters of CM-10-18 were determined in mice, dosed
either orally at 32.4 mg/kg or i.v. at 6.5 mg/kg (Table 2). After i.v.
injection, CM-10-18 demonstrated a high volume of distribution
and a low plasma clearance rate, leading to a moderate elimina-
tion half life (T;;;) of 2.63 h. By comparison with NBDN]J (a well
studied imino sugar derivative approved for treatment of type |
Gaucher disease, but with less antiviral potency (Fischl etal., 1994))
which is less hydrophobic than CM-10-18, a faster clearance rate in
mouse was observed, with a Ty, of 1.34 h (Alonzi et al., 2008). The
compound CM-10-18 was rapidly absorbed following oral admin-
istration, reaching peak plasma concentration (Tmax) at 0.25h, ata
plasma concentration (Cmax) 0f 4.20 pg/ml (10.7 M) and bioavail-
ability of 56%.

Furthermore, a dose escalation study of CM-9-78 and CM-10-18
was performed in rats, to measure pharmacokinetics and toxic-
ity. Following i.p. injection of the compounds with four escalating
doses (0.5, 5, 25 and 100 mg/kg) every 48-72h, no significant
signs of toxicity were observed. For both compounds, systemic
exposure increased roughly proportional to dose over the range
from 0.5 mg/kg to 100 mg/kg. Moreover, both compounds had very
similar absorption and elimination rates (Fig. 2A). Tissue concentra-
tion from samples collected 4 h post-administration of 100 mg/kg
showed that for both compounds, the liver and kidney had the
greatest concentration (data not shown).

The PK parameters calculated from the rat dose escalation
study indicated that absorption from the peritoneal cavity was
rapid, with the maximum plasma concentrations occurring with
the first collected plasma sample at 0.5 h post-dose. Moreover, at
5mg/kg dose via i.p. injection, the AUC value was 2.4 mgh/ml for
CM-10-18, which was significantly lower than that observed in
mice dose orally with similar dose (12.15 mg h/ml), indicating i.p.
administration may have disadvantage over oral administration for
maintaining sustained drug concentration in blood.

We therefore directly compared the systematic compound con-
centration following i.p. or oral administration, with particular
focus on the later time points to determine the level and dura-

Table 2
Pharmacokinetic properties of CM-10-18 in mice dosed orally at 32.4 mg/kg or intra-
venously (i.v.) at 6.5 mg/kg.

Parameters Unit Value
Vs (1.v.) 1/kg 1.02

CL (i.v.) ml/h/kg 1466.27
Tyz (iv.) h 2.63
Tmax (oral) h 0.25
Cmax (oral) g/ml 4.20
AUC (oral) mgh/ml 12.15

F % 56

Vss, volume of distribution at steady state; CL, plasma clearance; Ty, elimination
half time; Tmax, time to maximum concentration in plasma; Cpax, maximum con-
centration in plasma; AUC, area under the curve (t=0 to infinite); F, percent of
bioavailability.



J. Chang et al. / Antiviral Research 89 (2011) 26-34 29

_120 120

§1OO 100

€ 80 80

8 60 60

S 404 ——virus 40 —e—virus

® 204 —o—cell 204 —o—cell

" 0+
© DM D96 0O D A0 (O DD D5 O D
F PR P 8 RN TP’ PSS

CM-9-78 (pM) CM-10-18 (M)

Fig. 1. Antiviral activity of CM-9-78 and CM-10-18 against DENV infection in vitro. A549 cells were infected with DENV at MOI of 0.3, and treated with indicated concentration
of CM-9-78 or CM-10-18 for two days. Dengue E protein was assayed by CFI assay as a measure of DENV replication (labeled as virus). Cytotoxicity was assay by propodium
iodide staining (labeled as cell). Both parameters were presented as percentage of values from the treated cells compared with that from control (no treatment) cells. Values

represent average from 2 independent experiments.
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Fig. 2. Pharmacokinetic properties of CM-9-78 and CM-10-18. (A) Dose escalation studies of CM-9-78 and CM-10-18. Escalating doses, as indicated, were given to rats every
48-72 h, via i.p. route. Blood samples were harvested at 0.5, 1.5, 4 and 8 h (except at dose 100 mg/kg) after injection to measure the plasma concentration (ng/ml) of the test
compounds. Each data points represent average values obtained from 3 rats. (B) Single dose administration via oral gavage or i.p. injection of CM-10-18 in mice. CM-10-18
was given at 25 mg/kg or 100 mg/kg. Blood samples were drawn at 4, 8, and 12 h post-administration to measure the plasma concentration of compound (ng/ml). Each data

points represent average values obtained from 2 mice.

tion of the compound to be maintained in the plasma. In addition,
in order to test the drug metabolism in the most relevant animals,
this experiment was performed in S129 mice, since the AG129 mice
to be used in the in vivo animal efficacy study are derived from S129
mice.

As shown in Fig. 2B, comparison of single dose oral gavage and
i.p. injection of S129 mice revealed that CM-10-18 was very quickly
cleared from circulation following i.p. injection. However, oral
administration of 100 mg/kg resulted in a slower clearance from the
plasma. At 11 h post-administration, the plasma concentration of
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CM-10-18 was 2000 ng/ml (5 wM), which is still significantly higher
than its ECsg value (1.1 wM) to inhibit DENV infection in A549
cells.

In summary, the results obtained from PK studies indicate that
CM-9-78 and CM-10-18 have good in vivo pharmacokinetic prop-
erties and are biologically available through oral administration.
Based on their PK parameters, we reasoned that oral administration
of the two imino sugars at a dose equal to or less than 100 mg/kg,
twice daily (every 12 h), should be a proper starting dosing strategy
for in vivo efficacy studies.
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Fig. 3. CM-9-78 or CM-10-18 monotherapy reduced viremia in DENV infected mice. CM-9-78 (A) or CM-10-18 (B) was given orally at 75 mg/kg twice daily at 12 h interval,
starting immediately after infection, to AG129 mice. PBS was given to control mice. 3 days after infection, the blood samples were drawn to determine virus titer by plaque
assay. Values represent average and standard deviation from results obtained from 6 mice per treatment group. p values were calculated using Student’s t test.
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3.4. CM-9-78 and CM-10-18 reduce DENV viremia in mice

Infection of AG129 mice with DENV leads to viremia, peaking
at day 3 post-infection (Schul et al., 2007). Since the viremia is an
indicator of in vivo viral replication and directly correlates with the
severity of DENV-induced diseases, this mouse model is a useful
system to test antiviral effect of small molecule using plasma virus
titer as a readout (Williams et al., 2009; Yin et al., 2009).

CM-9-78 or CM-10-18 was given orally immediately after infec-
tion at 75 mg/kg, twice daily at 12 h intervals, for three consecutive
days. At 3 days after infection, blood samples were collected
to determine virus titers by plaque assay. As shown in Fig. 3A
and B, treatment with either CM-9-78 or CM-10-18 reduced the
viremia by 2.3-fold (p=0.01) or 1.8-fold (p=0.042), respectively.
Both reductions are modest, but statistically significant. Lower
doses of CM-9-78 (10 mg/kg and 25 mg/kg) were also tested using
the same dosing schedule, no statistically significant reduction on
viremia was achieved (data not shown).

3.5. Combination of CM-10-18 with ribavirin synergistically
inhibited DENV infection in vitro

As shown in the above in vivo efficacy studies, the glucosidase
inhibitors reported thus far only demonstrated a modest antivi-
ral effect against DENV in vivo. Although our effort to search for
imino sugars with superior glucosidase inhibitory activity is still
under way, we are now exploring an alternative approach to find
compounds that act in combination with glucosidase inhibitors
to synergistically inhibit DENV replication. In principle, combi-
nation of two mechanistically distinct antiviral compounds has
the potential to result in a synergistic antiviral effect. However,
due to the limited options and considering the potential clinical
application, we first tested if ribavirin, a broad spectrum antiviral
nucleoside analogue that is currently used in combination with IFN-
a to treat chronic hepatitis C(Fried etal.,2002), in combination with
CM-10-18 could synergistically inhibit DENV infection in cultured
cells.



J. Chang et al. / Antiviral Research 89 (2011) 26-34 31

Effects of ribavirin and CM-10-18, either alone or in combi-
nation were tested with serial concentrations of the compounds
in A549 cells. While ribavirin by itself was active against DENV,
with an ECsg of 3 wM, combination of CM-10-18 with ribavirin
demonstrated a clear enhancement in the reduction of virus repli-
cation (Fig. 4A). To distinguish synergistic and additive effect, we
used the MacSynergy Il program which uses algorithms to subtract
additive interactions from the observed surface to reveal regions
of statistically significant greater-than-expected (synergy) inter-
actions shown as peaks above the horizontal plane in the plots
(MacSynergy II. Version 1.0 User’s manual. University of Michi-
gan, Ann Arbor (Prichard et al., 1993)). As shown in Fig. 4B, in
the 95% confidence interval difference plot, combination of CM-
10-18 (from 0.78 wM to 12.5 wM) and ribavirin (from 0.25 uM to
6.67 M) demonstrated a clear peak above the calculated additive
surface, with the maximum interaction occurring between 3.13 uM
of CM-10-18 and 0.74 .M or 2.22 wM of ribavirin. The synergy score
calculated by the MacSynergy Il program was 111. Notably, over the
ranges of doses tested, there was no evidence of potential antago-
nist effect observed (below the surface or negative value in synergy
plot). Based on the PK parameters of CM-10-18 reported herein and
published PK information of ribavirin in human (which achieved a
systematic concentration of ~15 wM) (Lindahl et al., 2005), a syn-
ergistic antiviral effect of CM-10-18 and ribavirin may occur at
pharmacologically achievable concentrations of both compounds
in vivo.

3.6. Ribavirin significantly improved the antiviral efficacy of
CM-10-18 in mice

To test the antiviral efficacy of ribavirin and CM-10-18 combina-
tion therapy in DENV infected AG129 mice, treatment immediately
started after the virus infection for three consecutive days. CM-
10-18 was given orally at 75 mg/kg twice daily at 12h interval.
Ribavirin was given orally at 40 mg/kg once daily. At 3 days after
infection, plasma was collected to determine the virus titers. As
shown in Fig. 5A, while ribavirin at 40 mg/kg by itself did not
reduce viremia, and 75 mg/kg of CM-10-18 treatment only mod-
estly reduced the viremia by 1.9-fold, combination of the two
compounds reduced the viremia by 4.7-fold.

The in vivo combination effect of the two compounds was fur-
ther tested with additional doses. While increase of ribavirin dose
from 40 mg/kg to 80 mg/kg did not improve its antiviral effect
(data not shown), as shown in Fig. 5B, increase of CM-10-18 dose
from 35 mg/kg to 75 kg/mg markedly enhanced the antiviral effect.
Interestingly, combination of 40 mg/kg ribavirin with increasing
dose of CM-10-18 (35 mg/kg or 75 mg/kg) significantly reduced the
viremia.

Taken together, the results presented above demonstrate that
although ribavirin inhibited DENV virus infection in cultured cells
it was ineffective in reducing viremia in monotherapy, however,
the drug improved the antiviral efficacy of both a sub-effective dose
(35 mg/kg) and an effective dose (75 mg/kg) of CM-10-18 in dengue
infected mice.

3.7. Evidence that CM-10-18 inhibits a-glucosidase activity in
mice

To confirm that the imino sugar derivatives indeed inhibited
glucosidases in vivo and to determine if the observed synergistic
antiviral effect in glucosidase inhibitor and ribavirin combination
therapy is due to an enhanced inhibition of glucosidase activ-
ity, we measured the amount of FOS containing terminal glucose
residues in the plasma, as indicator of ER-a-glucosidases inhibi-
tion.
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Fig. 5. Ribavirin significantly improved imino sugar’s antiviral activity in DENV
infected mice. AG129 mice were treated with (A) either 40 mg/kg of ribavirin,
75 mg/kg of CM-10-18 or a combination of the two compounds; (B) 40 mg/kg of
ribavirin, doses of CM-10-18, or combination of two compounds, as indicated. PBS
was given to control mice. 3 days after infection, the blood samples were drawn
to determine virus titer by plaque assay. Values represent average and standard
deviation from results obtained from 6 mice per treatment group. p values were
calculated using Student’s t test. * indicate p values compared to PBS control.

It is well-known that the first step of N-linked glycosylation of
protein is the attachment of a preformed oligosaccharide structure
with 3 terminal glucose residues (Glc3). During the maturation of
glycoproteins, the three terminal glucose residues are sequentially
removed by a-glucosidases I and II. Inhibition of a-glucosidases,
such as imino sugar treatment, results in the retention of glu-
cose residues on N-linked oligosaccharides of glycoproteins, which
leads to the misfolding and subsequent degradation of glycopro-
teins. As a result of the misfolded glycoprotein degradation, free
oligosaccharides (FOS) containing terminal mono-, bi-and tri- glu-
cose residue(s) are produced. A method to quantitatively measure
these FOS inside the cells and in the tissue or plasma of animals
treated with imino sugars has been described (Alonzi et al., 2008;
Mellor et al., 2004). Here we monitored a mono-glucosylated FOS
(GlciMany4GIcNAcy ) as a marker to analyze the effect of glucosidase
inhibition in imino sugar treated mice. A corresponding non-
glucosylated free FOS (MangGIcNAc; ), which is a result of normal
protein metabolism and is abundant and readily detectable, was
used as control (Alonzi et al., 2008). Plasma samples were obtained
from mice treated in the in vivo efficacy study, shown in Fig. 5B. As
shown in a representative result obtained from chromatography
analysis (Fig. 6A), a peak representing a mono-glucosylated FOS
(Glc;Many4GIcNAc; ) was readily detectable in the plasma of mice
treated with CM-10-18. On the contrary, this peak could not be
detected in the plasma from PBS and ribavirin treated mice. Quanti-
tative analyses of Glc; MangGIcNAc; from 6 mice of each treatment
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Fig. 6. Imino sugar treatment inhibited a-glucosidase II in mice. Blood samples
obtained from in vivo efficacy study, described in Fig. 5B, were also analyzed for
the presence of specific FOS (Glc;MansGIcNAc;) as representative of glucosidase
inhibition. A corresponding FOS (MansGIcNAc;) was used as internal control. (A)
Representative fluorescent Peak Time plots of FOS from samples obtained from
mice treated with PBS, ribavirin (40 mg/kg), CM-10-18 (75 mg/kg) as well as com-
bination of the two treatments. (B) Quantitation of the peak areas of the two FOS
(GlcyMan,GlIcNAc; and MangGlcNAc ) (Log iV s/25 ml of plasma) in samples from
mice treated with ribavirin, indicated doses of CM-10-18 or combination. Values
represent average and standard deviation from results obtained from 6 mice per
treatment group.

group were summarized and presented in Fig. 6B. These results
clearly indicate that treatment of mice with CM-10-18, but not rib-
avirin, resulted in an increased level of plasma Glc;MangGlcNAc,
in a dose-dependent manner. Moreover, despite of a dramatic
improvement in antiviral efficacy, combination therapy with CM-
10-18 and ribavirin did not demonstrate an enhanced inhibition
of glucosidase activity, suggesting ribavirin’s effect is independent

of glucosidase inhibition. The absence of tri-glucosylated FOS fol-
lowing inhibitor treatment suggests that at the doses used, there
might be insufficient cellular concentrations reached to inhibit o~
glucosidase I. Compound CM-10-18 has a respectable inhibition
constant for glucosidase I using in vitro assays (Table 1) and is
thus predicted to have a similar mechanism for action as NBDN],
where glucosidase inhibition in cells or in vivo is biased towards
concentration-dependent selectivity for a-glucosidase II (Alonzi
et al., 2008).

4. Discussion

In the absence of effective vaccines and specific treatment, the
presence of DENV infection in more than 100 countries demands a
critical need for antiviral drugs. While drugs that specifically target
the virus could be more potent and potentially less toxic, the rapid
development of resistant mutants due to the error-prone nature of
viral RNA polymerase may ultimately limit their antiviral efficacy
(Noble et al., 2010). Targeting the host factors required for viral
propagation poses an attractive alternative. This is especially the
case for a short duration of treatment during DENV infection, since
the toxicity associated with inhibition of a host function can be
significantly limited.

Cellular a-glucosidases are considered as antiviral targets for
many enveloped viruses (Dwek et al., 2002). In fact, a-glucosidase
inhibitors, such as imino sugar derivatives, have already been
demonstrated to be broad-spectrum antiviral agents against multi-
ple families of enveloped viruses, including hepatitis B virus, human
immunodeficiency virus, herpes simplex virus, influenza virus, and
several members of Flaviviridae family (Block et al., 1998, 1994;
Bridges et al., 1995; Chang et al., 2009; Datema et al., 1984; Dwek
etal.,,2002; Guetal.,2007; Jordan et al., 2002). Moreover, one of the
enzymes, glucosidase II, has been identified recently by a genome-
wide siRNA screening approach as essential host factors required
for DENV infection (Sessions et al., 2009).

Although sound in mechanism, the preclinical and clinical
development of glucosidase inhibitors as antiviral drugs is ham-
pered by their poor efficacy in vivo. For example, a phase Il clinical
trial evaluating NBDN]J as an anti-HIV agent showed that although
well tolerated, the compound did not demonstrate any antiviral
efficacy. The reason for the failure is that the compound could
not achieve a sufficient antiviral concentration in the circulation
of treated individuals (Fischl et al.,, 1994). In preclinical stud-
ies, only modest antiviral effects of glucosidase inhibitors against
dengue virus (Schul et al., 2007; Whitby et al., 2005) and Japanese
encephalitis virus (Wu et al., 2002) in mice as well as woodchuck
hepatitis virus in woodchuck (Block et al., 1998) were reported.

Our current study was intended to test the antiviral efficacy of
two novel imino sugar derivatives against DENV infection in mice.
Although it is evident that under the treatment conditions, the host
cellular a-glucosidase activity was inhibited, the two compounds
only modestly reduced the viremia. Based on our results obtained
from the PK studies, it is possible that the modest antiviral efficacy
of the compounds is due to the relatively higher ECsq value and/or
lower level of plasma drug concentration or low concentration of
the drug in the virus-replicating cells, possibly due to low uptake
or plasma protein binding. Hence, increase of dosing frequency or
targeted delivery of the compounds may enhance its antiviral effi-
cacy in vivo. In addition, extensive medicinal chemistry effort has
been under way in our laboratory to search for imino sugars with
better antiviral activity against DENV (Block and Jordan, 2001; Gu
etal.,2007; Mehta et al., 2002). As a result of this study, we recently
discovered a new class of imino sugar derivatives with extraordi-
nary antiviral activity against DENV in cultured cells (Chang et al.,
2009).
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As an alternative approach, we also explored the possibility to
enhance the antiviral efficacy of imino sugars by combination with
one or more antivirals with distinct antiviral mechanisms. As a
proof of concept study, we show in this report that while ribavirin
monotherapy did not significantly reduce viremia (which is con-
sistent with a previous report (Schul et al., 2007)), combination
therapy with CM-10-18 and ribavirin resulted in an enhanced and
statistically significant reduction of the viremia.

The major goal of therapy for DENV infection is to prevent
patients from developing severe hemorrhagic clinical manifesta-
tion. To achieve this by virological suppression, it has generally
been assumed that it is necessary to suppress viremia by 10-fold or
greater (Noble et al., 2010; Vaughn et al., 2000); however, as little
as 2-10-fold suppression in viremia has been reported to be asso-
ciated with protection of animal death in a lethal DENV infection
mouse model (Yin et al., 2009). Therefore, although only a limited
amount of viral suppression was achieved with imino sugars and
combination of ribavirin, it is possible that this level of suppression
can achieve a threshold of efficacy in disease progression. In the
future, in order to further evaluate its therapeutic value, the combi-
nation therapy regime will be tested in lethal DENV infection mouse
model, with treatment starting not only immediate after infection,
but also with several days delay.

In addition to ribavirin, there are many other candidates to be
tested for their ability to compliment imino sugar against DENV
(Markland et al., 2000; Ouzounov et al., 2002; Qing et al., 2009;
Rothwell et al., 2009; Stevens et al., 2009; Zhang et al., 2009). More-
over, encouraged by these results, we are currently also identifying
rational partners of imino sugars through a high throughput screen-
ing effort.

Although imino sugar targets host enzymes, it has shown very
limited side effects. NBDNJ has been used in human to treat
Gaucher’s disease for a decade without serious adverse effects,
as reported in the European Union Intensive Safety Surveillance
Scheme. There are cases of transient, mild osmotic diarrhea, due to
inhibition of gut disaccharidases. However, this effect can be sim-
ply monitored and is manageable with anti-diarrhea agent such as
Loperamide (Butters, 2007). It is our hope that by improvement of
imino sugars and/or searching for more potent partners of imino
sugars, glucosidase inhibitors will finally be developed as antiviral
drugs, either for monotherapy or as a vital component of combina-
tion therapy.
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