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Abstract

The anti-RNA virus activity of polyoxometalates (POM) is reviewed, with a special emphasis on the anti-respiratory virus activities. There are
many causative agents of acute viral respiratory infections; and it is rather difficult to identify the relevant agent in a given case by rapid clinical
means. During acute progress of infection before the definitive diagnosis is obtained physicians need to prescribe certain broad spectrum anti-
viral drugs. A titanium containing polyoxotungstate, PM-523 exhibited potent anti-influenza virus (FluV) A and anti-respiratory syncytial virus
(RSV) activities in vitro. Therapeutic effect of FluV A infected mice with aerosol inhalation of PM-523 was proven. A vanadium substituted
polyoxotungstate, PM-1001 has antiviral activity against FluV A, RSV, parainfluenza virus (PfluV) type 2, Dengue fiver virus, HIV-1 and SARS
coronavirus in vitro. Thus, POMs have been proven to be broad spectrum and non-toxic anti-RNA virus agents in both in vitro and in vivo
experiments and are promising candidates for first-line therapeutics in acute respiratory diseases.

© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

The polyoxometalates (POM) are negatively charged clus-
ters of inorganic substances principally comprised of oxide
anions and early transition-metal cations. They have been
shown to exhibit antiviral activity against several RNA viruses
including the orthomyxoviruses, paramyxoviruses, flaviviruses,
coronaviruses and retroviruses in vitro and in vivo. Some spe-
cies of orthomyxoviruses, paramyxoviruses and coronaviruses
are causative agents of respiratory infections and have been an
active target for the broad spectrum antiviral agents. We exam-
ined several types of POM for anti-RNA virus activities and
found some indeed have broad antiviral activities against the
RNA viruses which cause acute respiratory infections.

* Corresponding author. Tel.: +81 24 521 7818; fax: +81 24 521 7924.
E-mail address: sshigeta@fmu.ac.jp (S. Shigeta).

0753-3322/$ - see front matter © 2006 Elsevier SAS. All rights reserved.
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2. Anti-myxovirus activity of polyoxotungstates

Before the examination for antiviral activity against myxo-
viruses it was necessary to make the cellular viral infection rate
more efficient, since usually the cytopathic effect (CPE) of
these viruses is too weak to allow the colorimetric method for
the evaluation of the inhibitory activity of the compounds
against the virus infection. At first the most appropriate tissue
culture cells for each virus infection was selected. For influ-
enza virus (FluV) and respiratory syncytial virus (RSV)
MDCK (cells) and HEp-2 cells were used, as most workers
in the field. These cells showed relatively clear CPE by viral
infection and it was easy to detect the difference between the
treated and mock treated cells by calorimetric MTT method.
However, for the infections of paramyxovirus such as parain-
fluenza virus (PfluV) type 2 and 3, mumps virus (MPSV),
measles virus (MLSV) and canine distemper virus (CDV)
host cells needed to be selected. After several rounds of testing
HMV cells (originating from human melanoma cells) for
PfluV-2, PfluV-3, and MPSV, and B95a cells (human lym-
phoid cells) for MLSV were selected. Since both cells grow
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in culture as suspended state, virus and cells were mixed well
by shaking and the viral infection started. For an as yet
unknown reason, a low speed centrifugation of the mixture
facilitated virus infection rate and made the MTT method
easy [1]. The low-speed centrifugation of virus and cells at
the virus infection to cells was also employed for the mono-
layer cells such as MDCK, HEp-2 and Vero cells, and it also
increased the viral infection efficiency. Sometimes a plaque
reduction method was employed for the assay of RSV,
MSLV and CDV, using HeLa cells for RSV and Vero cells
for MLSV and CDV, respectively.

Four polyoxotungstates of different structural classes have
been shown to have broad spectrum anti-myxovirus activities.
They are HS-054 {[N316Fe4(H20)2(P2W]505(,)2]71H20, Wells—
Dawson sandwich}, HS-058 {[K10F64(H20)2 (PW9034)2]
nHZO, Keggln Sandwich}, HS106 {[(M63NH)8Si2W18Nb6077]
nH,0, Dimerized Keggin}, and HS-158 [K;,NbgP,W 045,
Wells—Dawson]. HS-106 is the same compound as JM2820.
As shown in Table 1, all the polyoxotungstates exhibited
potent inhibitory effects against FluV-A, RSV-A and B,
MLSV and PfluV-2 without evident relationship to their parti-
cular cluster forms. Among these, HS-054 exhibited broad
spectrum anti-myxovirus activity and its selectivity indices
(SD for FluV-A, RSV-A, MLSV and PfluV-2 were 333, 31,
167, and 111, respectively, which exceeded those of ribavirin
for each virus.

In order to explore the antiviral mechanism of action of HS-
058 against FluV-A and RSV, the compound was added to
host cells (MDCK cells for FluV and HeLa cells for RSV)
before, during and after virus infection. After the treatment
the cells were extensively washed with maintenance medium

Table 1

Table 2
Time of addition and inhibitory effects of HS-058 on FluV-A and RSV
replication

Time of addition of compound (hours) * ECso (UM) against

FluV-A RSV-A
—1-120 0.7 2.0
-1-1.5 >20 24
1.5-120 4.1 5.8
1.5-3 >31 >20

? Time of addition before or after virus inoculation. Cells were washed
extensively after removal of compound.

(MS) and then changed to MS and maintained throughout the
experiment. The ECso for each virus was determined by the
MTT method for FluV and the plaque reduction method for
RSV. As shown in Table 2, when the compound was added
to the virus-infected cultures at 1 hour before virus inoculation
and maintained throughout the experiment, it was inhibitory
against FluV at 0.7 uM and against RSV at 2.0 uM. When
HS-058 was added to the culture at the adsorption stage
(from 1 hour before to 1.5 hour after the virus inoculation) it
was inhibitory against RSV but not against FluV. When the
compound was added after adsorption (or penetration) and
maintained throughout the experiment (from 1.5 to 120 hours
after virus inoculation), it was inhibitory against both viruses at
4.1 and 5.8 pM, respectively (Table 2). This result makes evi-
dent HS-058 obviously inhibits the adsorption of RSV but not
that of FluV. However, certain additional inhibitory effects of
the compound against the infection process occurred after viral
adsorption of both of the viruses, although the ECsq values for
both in which assay the compound was added after virus
adsorption were three to six times higher than in the assay in

Inhibitory effects of four polyoxotungstates against several ortho- and paramyxoviruses

Virus and cell

ECsq and ICsq of polyoxotungstates(uM) *

HS-054 HS-058 HS-106 HS-158 Ribavirin
Antiviral activity

FluV-A H3N2 0.6 1.4 2.8 28 3.7
(Ishikawa) © (0.37-0.94) (0.7-2.0) (1.3-5.4) (1.0-5.5) (1.8-7.0)
FluV-B 355 13.9 45.7 36.5 5.1
(Singapore) (20-54) (8.7-21.8) (19.4-68) (30-43) (1.8-5.2)
RSV-A 2.8 5.6 9.8 14.2 47
(Long) (1.4-4.5) (2.4-13.5) (9.0-10.3) (8.3-24.4) (1.5-9.7)
RSV-B 7.8° 3.1° 45° 27° 16°
(SM-61-48)

MLSV 0.3 0.8 >355 1.4 52
(Edmonston) (0.2-0.4) (0.76-0.85) (6.6-50) (1.2-1.6) (1.9-10)
MPSV 20.6 >50 > 50 > 50 3.4
(EXCH-3) (15.5-20) (3.4-7.1)
Pfluv-2 1.8 0.43 7.8 24.1 8.9
(Greer) (1.5-2.1) (0.32-0.54) (2.6-16.1) (23.2-25) (6.4-11.2)
Pfluv-3 28.0 >50 > 50 > 50 17.2
(C243) (25-31) (16.4-18.0)
Cytotoxicity

MDCK >200 >200 >200 164 >200
HEp-2 88 >200 >200 82.7 52.7
HMV-2 >200 50 20.7 53.7 > 100
Vero 50 50 148 > 200 100

? Determined by MTT method. Values are averages of three or four independent experiments. Numbers in parentheses show the ranges of values.

® Data from one experiment.
¢ In parenthesis the names of the virus strains were shown.
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Fig. 1. Inhibitory effect of HS-058 on antigen synthesis and syncytium
formation of RSV in HeLa cell monolayers.

HeLa cells grown on cover slips in culture plate wells were infected with
100 PFU/well of RSV. After virus adsorption to cells for 90 min at 37 C,
infected cultures were treated with 3.1, 12.5 and 50 pM of HS-058 at 37 °C. At
48 hours after infection, cells on cover slips were fixed with acetone and stained
with anti-RSV rabbit serum conjugated with fluorescein isothiocyanate. Cells
were observed under a fluorescent microscope, and the number of antigen
positive foci in 40 microscopic fields (e) and the number of infected cells in
one syncytium (o) [average of 10 syncytia] were counted.

Table 3
Inhibition of FluV and RSV infection by HS-058

Infection process FluV-A RSV-A
Adsorption to cell membrane No Yes

Fusion of virus envelope and cell membrane Yes Unclear
RNA and protein synthesis Probably no  Probably no
Fusion between infected and uninfected cells Unclear Yes

which the compound had been added at all points of the pro-
gress of the viral infections. In fact, in another experiment, HS-
058 inhibited hemolysis of chicken erythrocytes (fusion of the
virus envelope and the cellular membrane) by FluV at 58 uM
(data not shown) and syncytium formation (fusion of the virus
infected cells with uninfected cells) of RSV at 8.5 uM (Fig. 1
and Table 3) [2].

3. Mechanism of anti-FluV activity of polyoxotungstates

As described above, polyoxotungstate did not inhibit the
binding of FluV to the cellular membrane and probably the
antiviral effect occurs at a later step of virus replication. We
examined the other polyoxotungstates which contain titanium
as a heterometal ion. These are PM-504 [

KoHg(Ge, TigW13077)16H20, Double Keggin] and PM-523
{(iPrNH3)6H[PTi2W10033(02)2]H20, Keggln} . The EC50
values of PM-504 and PM-523 against FluV A were 1.3 and
2.4 uM and the SIs were more than 300 and 167, respectively.
We examined fax scan (FACS) analysis of virus bound MDCK
cells and inhibition by both compounds, and found that PM-
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Fig. 2. Fax scan (FACS) analysis of FluV A binding to MDCK cells and its
inhibition by PM-523 and PM-504.

MDCK cells were mixed with FluV A at a moi of 1 and incubated at 37 °C for
1.5 hour. During the incubation, 8-200 uM of compounds were combined with
the virus-cell mixture. After incubation, binding of FluV to cells was examined
by mouse serum and FITC-conjugated goat anti-mouse IgG antibody. Abscissa
indicates intensity of fluorescence and ordinate indicates number of cells. Bold
lines in the right peaks are populations of infected cells without compound and
the lines in the left peaks are those of uninfected cells.

504 inhibited the binding of FluV to the cells and PM-523 did
not (Fig. 2, and see the legend for the figure for the experimen-
tal procedure).

The penetration of enveloped viruses is widely reported to
start by the fusion of the viral envelope with the cellular mem-
brane. The fusion of the FluV envelope with the cellular mem-
brane occurs under acidic conditions in the endosome. When
the virion envelope is labeled compactly with fluorescent mole-
cules (i.e., octadecyl rhodamine B chloride), the fluorescence is
quenched and cannot be detected by a fluorometer. After con-
tact between the viral envelope and cell membrane and mem-
brane fusion has taken place, the viral protein molecules that
were labeled by fluorescence move to the cell membrane. As a
result the density of the molecule decreases and fluorescence is
recovered (dequenched) (Fig. 3). In order to analyze the inhibi-
tion of the fusion of the virus envelope with the cell membrane,
the fluorescence dequenching test was performed using rhoda-
mine-labeled virus particles and MDCK cells. During the inter-
action of fluorescein-labeled virus and the cell membrane, the



214 S. Shigeta et al. / Biomedicine & Pharmacotherapy 60 (2006) 211-219

(C,H;),N

Octadecyl Rhodamine B Chloride
(R18)

'

Influenza virus |4

fluorescence
-dequenching (FDQ)

Fig. 3. Fluorescence dequenching test.

A

FluV envelope proteins are labeled with rthodamine chloride (R-18). When the density of fluorescent protein molecule is too compact, the fluorescence is
quenched and cannot be detected. After endocytosis of the virion, when fusion of viral envelope to cell membrane is completed, fluorescent molecules move to cell
membrane, are dispersed in the membrane, and the self quenched fluorescence is recovered. The degree of the fluorescence dequenching (FDQ) is measured by a

fluorometer.

flurescence increased gradually as a factor of the contact per-
iod. When PM-523 (a titanium containing polyoxotungstate)
was added during the contact between the virus and the cell
membrane, the dequenching of the fluorescence by the fused
membrane was remarkably reduced compared with the
untreated membrane in contact with the virus for the same per-
iod (Fig. 4). The inhibition was observed for the fusion of two
different subtypes of FluV A (N3H2/Ishikawa and HIN1/PRS),
but not for those of FluV B or Sendai virus (a PfluV type 1)
(data not shown). Thus the inhibitory activity of PM-523 was
shown to be specific to FluV A [3].

4. PM-523 resistant FluV A strains

We selected PM-523 resistant FluV A strains after several
passages of FluV A H3N2/Ishikawa in MDCK cells in the pre-
sence of an effective dose of PM-523. R-1 to R-c were resistant
to PM 523, and their EC5ps were 10 times higher than that of
the parental strain. When amino acid substitution in the HA1
protein between the parent and mutant strains were analyzed,
lysin189 and isoleucin202 were substituted with asparagine
and threonine, respectively (Table 4). Lysinel89 and isoleu-
sine202 locate at the head position of HA1 and this position
is at the interface of the HA1 trimer. PM-523 probably inhibits
the opening of the head when the conformational change of the
HA molecule occurs (Fig. 5) [4]. Thus the mechanism of the
anti-FluV A activity of PM-523 is shown to be inhibition of
membrane fusion; however, the mechanism is dependent on

the nature and structure of the particular POM, because another
POM, PM-504, inhibited the binding of FluV A to MDCK
cells.

5. Synergistic anti-FluV A activities of PM-523 and
ribavirin in vitro and in vivo

Because the antiviral activity of PM-523 was revealed to be
inhibition of the fusion of the viral envelope with the cell mem-
brane, PM-523 may have synergistic antiviral activity against
FluV replication when used in combination with compounds
with a different antiviral target. Ribavirin is a well-known anti-
viral compound which inhibits inocine monophosphate dehy-
drogenase activity in cells and decrease the guanosine mono-
phosphate pool which suppresses viral RVA synthesis.

We examined anti-FluV A activity with several different
ratio combination of PM-523 and ribavirin in vitro and com-
pared this with the individual respective compounds in terms
of the effective dose by several parameters of inhibition.
MDCK cells were infected with FluV (HIN1/PRS8). Two fold
serial dilutions from 0.8 mM stock dilutions of PM-523 and
ribavirin were combined in a checkerboard cross grid. The
median effective dose and other doses (ECsy, EC;9, ECog
etc.). were determined by the MTT method for PM-523
alone, ribavirin alone, and several different ratio combinations
of the compounds. The predicted percent inhibition values
were derived from a theoretical dose—response curve generated
from the individual dose-response data for PM-523 and riba-
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Fig. 4. Effect of PM-523 on dequenching of rhodamine B (R-18) on FluV
envelope by fusion with cellular membrane.

The increase in fluorescence was expressed in percentage of FDQ. FluV/A/
Ishikawa/H3N2 and PR8/HIN1 were used. Control (¢—¢), 10 uM (e—e),
25 uM (m—m) of compounds were added.

Table 4
PM 523 resistant strains and amino acid changes in HA of the resistant strains
ECso (uM) *

Virus stock MTT Plaque reduction ~ Amino acid
substitution

Parent 8.7+1.2 6.6+0.8

R-1°¢ 71.4+6.8 74.5+10.2 Lys189Asn,
11e202Thr

R-2°¢ 67.8+6.5 73.6 £10.8 11e202Thr

R-4 ¢ 79.0 £10.2 88.1+9.9 11e202Thr

R-b ¢ 63.0+7.0 66.7+6.2 Lys189Asn

R-c ¢ 80.3+£6.8 78.9+9.4 Lys189Asn,
Tle202Val

? Values are averages of three independent experiments.

® Jshikawa/AH3N2/(plaque purified) strain.
¢ Progenies of the parent strain.
Progenies of a wild Ishikawa strain.

virin. The combination index (CI) was calculated from the
equation; CI = d1I/D1 + d2/D2 + oa(d1xd2/D1xD2), where
dland d2 indicate the fractional dose of a combination of com-

= Lys189 —p  Asn

v

/|

lle202

—p Thr, val

N

Fig. 5. 3-D structure of FluVA-HA peptide.
Both Lys189 and 111202 locate at the head position of HA1. Arrows indicate the
position.

pound 1 and 2, respectively, which are required for a median
effect or a 70% inhibitory effect. D1 and D2 are the doses of
the compound 1 and 2, respectively, which are required to pro-
duce the same median effect or 70% inhibitory effect when
these compounds were used alone. In the case of PM-523
and ribavirin, o is 1 because both compounds were mutually
nonexclusive drugs in terms of the mechanism of action. When
the CI is <I, synergism is indicated. When the CI is 1, the
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Fig. 6. Computer generated presentation of combination index (CI) with respect
to the fraction affected (Fa) for the inhibition of FluV A/HIN1 multiplication in
MDCK cells. Combination of PM-523 and ribavirin at ratio of 1:16 (—) and
14 ( ) were analyzed under mutually nonexclusive assumptions.

Table 5
Cytotoxicity of PM-523 and ribavirin did not increase by their combined use

Concentration (uM)

PM-523 Ribavirin Percent viability of cells *
100 0 81.1+29
200 0 89.3+5.8
400 0 852435
0 100 107.2+1.7
0 200 104.8 £3.8
0 400 102.8 4.1
100 100 81.4+3.8
100 400 66.8 £3.6
200 200 854+3.8
400 100 792+6.5
400 400 65.5+£9.3

? Viability of cells was determined by MTT method. Viability of the cells
which were not treated with compounds was estimated as 100%.

indicated effect is additive. When the CI is >1, antagonism is
indicated.

Combination effect was examined with combinations of
PM-523 and ribavirin at 1:16 (———) and at 1:4 ( ).
As shown in Fig. 6, the CI values were always less than 1
when the fraction affected was determined to be between 0.25
(EC25) and 0.95 (EC95)

The cytotoxicity of PM-523, ribavirin and their combina-
tions were examined by the trypan blue exclusion method. As
shown in Table 5, a combination of 400 uM each of PM-523
and ribavirin exhibited a slightly increased cytotoxicity com-
pared with that of the compounds used individually at 400
uM. However, the combination did not increase the cytotoxi-
city potently and 50% inhibition of cell viability was not
obtained at any combination.

PM-523 and ribavirin exhibited a synergistic therapeutic
effect in mice infected with FluV A (HIN1/PRS). One hundred
percent of the control mice which were infected with 10 LDsy
of the FluV A and not treated with the compounds died on the
9th day following infection. The infected mice were treated
with aerosols of PM-523 and ribavirin either singly or in com-
bination every 12 hours for 4 days. Compounds were prepared
in PBS (pH 7.2) at concentrations from 1.2 to 4.8 mM for PM-

2 8§ 8 12
100 —s—2
80 -
gso,
o
g
L.
Z2
S 40
w
20
D T T T T T o T T T T
1 3 5 7 9 1 13

Days after infection

Fig. 7. Therapeutic effects of aerosol treatment of FluV A-infected mice with
PM-523 and ribavirin. Mice were infected with virus (1.6 x 10* TCIDsq)
intranasally, and were exposed to aerosol of the compound solutions at the
indicated conditions for 2 hours. The mice were exposed to the compounds
every 12 hours for 4 days starting at 8 hours after virus inoculation. e, untreated
control; 4, ribavirin at 40 mM; m, ribavirin at 80 mM; A, PM-523 at 2.4 mM; o,
PM-523 at 4.8 mM; o, PM-523 at 2.4 mM plus ribavirin at 40 mM. #, a level of
significance of P <0.001 against 40 mM ribabirin and 2.4 mM PM-523.
P <0.01 against 4.8 mM PM-523, P <0.05 against 80 mM ribavirin.

523 and 40-240 mM for ribavirin. The infected mice were
placed in a chamber separately and exposed to the compounds
by using a continuous aerosol generator. In this experiment, the
dose of the compound given to the mice was expressed in
terms of the concentration of the compound in the stock solu-
tion. On the 9th day when all of the control (untreated) mice
died, half and 60% of the mice treated with 4.8 mM PM-523
and 80 mM ribavirin survived. The ECsys of PM-523 and riba-
virin on the 9th day of infection were calculated as 4.8 and 70
mM, respectively. When 2.4 mM PM-523 (0.5 ECsg) and 40
mM ribavirin (0.57 ECsy) were combined and used to treat the
infected mice, 80% of the mice survived to the 9th day follow-
ing infection. At the end of the experiment (14 days after the
infection, as indicated in Fig. 7), survival was found for 60%,
30% and 20% of the infected mice in the groups in which a
combination of 2.4 mM PM-523 and 40 mM ribavirin, 80 mM
ribabirin alone, and 4.8 mM PM-523 alone were used. Thus the
survival rate for mice treated with a combination of PM-523
and ribavirin at a ratio of 1:16 was significantly higher than
for mice in groups which received a single treatment of twice
the dose of PM-523 (4.8 mM) and ribavirin (80 mM) through-
out the experiment (Fig. 7). The lungs of infected and untreated
mice and mice treated with 2.4 mM PM-523 or 40 mM riba-
virin alone became swollen and reddened due to congestion.
On the other hand, the lungs of infected mice treated with a
combination of 2.4 mM PM-523 and 40 mM ribavirin
remained a more normal grayish white and were not congested
(data not shown). The viral titer in the lungs of the infected
mice was determined for four groups of mice every 24 hours
after infection. As shown in Fig. 8, the viral titers in infected
mouse lungs increased to 10>* TCIDsy/g at 48 hors following
infection and decreased to 10> and 10°* TCIDso/g at 72 and
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Fig. 8. Virus titer in lungs of FluV A infected mice. Mice were infected in the
same manner as described in the legend to Fig. 7. Three mice in each group
were sacrificed at the indicated times, and their lungs were homogenized
separately, diluted and centrifuged. Infective virus in the supernatant was
titrated using MDCK cells and TCIDs, was determined. 4, noninfected control
mice; o, infected and untreated mice; 0O, mice treated with 2.4 mM PM-523; x,
mice treated with 40 mM ribavirin; and 4, mice treated with 2.4 mM PM-523
plus 40 mM ribavirin.

96 hours, respectively. The viral titers in the lungs of infected
mice which were treated with a combination of PM-523 (2.4
mM) and ribavirin (40 mM) were consistently lower than those
in the lungs of control mice or those treated with the com-
pounds individually (Fig. 8) [5].

6. Broad spectrum anti-RNA virus activities of titanium
and vanadium substituted polyoxotungstates

Several workers have reported anti RNA virus POM activ-
ity. Ikeda et al. [6] reported that JM2820 had broad spectrum
antiviral activity including activity against the ortho- and para-

Table 6

Chemical structure of polyoxotungstates

Compound * Chemical formula Species of
structure

PM-43 K5[SiVW,040] Keggin

PM-47 K5 [BVW,,04] Keggin

PM-518 [EtzNH2]7[PT12W1 0040] Keggm

PM-520 [Pri,NH, ]5[PTiW,,O40] Keggin

PM-523 [PI'INH3](,[PT12W]0038(02)2]1‘[20 Keggm

PM-1001 ° K0Na[(VO)3(SbWs0s3),]26H,0 Keggin sandwich

PM-1002 ° K 1H[(VO);(SbW¢033),]27H,0 Keggin sandwich

? PM-518, PM-520, PM-523 possess a Ti atom and PM-43, PM-47, PM-
1001 possess a V atom.

® PM-001 and PM-1002 have the same core structure of (VO);(SiW¢0s3)s;
however, the V3 of PM-1001 consists of two V'Y and one VY while that of
PM-1002 consists of three V'V,

myxoviruses, herpesviruses and retroviruses (HIV-1 and 2).
JM-2820 is the same compound as HS-106, which we pre-
viously reported to have a broad spectrum anti-myxovirus
activity (Table 1). Barnard et al. [7] reported anti-RSV activ-
ities of several polyoxotungstates and among them HS-106 and
certain germanium- or zirconium-containing polyoxotungstates
(JIM-2926 and JM-2919, respectively) exhibited the most
potent and selective anti-RSV activity. HS-106 and JM-2926
have double Keggin structures and JM-2919 has a Barrel struc-
ture. They commented that silicon, germanium and niobium
centered double Keggin structures yielded antiviral activity.
Huffman et al. [8] also reported anti-FluV (FluV A and B)
activities of germanium or silicon containing polyoxotung-
states. They singled out especially JM-2925 (a germanium con-
taining double Keggin-type polyoxotungstate) and JM-2919 as
potent and selective anti-FluV compounds. Liu et al. [9] (a
Chinese chemist group) synthesized a heteropoly blue from a
Keggin-type polyoxotungstate {Ce,H[BW{;Mn(H,0)O30]}.
This compound, designated HPB-2, exhibited a potent thera-
peutic effect against FluV infection in mice when given either
orally or intraperitoneally.

These reports prompted us to identify broad spectrum anti-
RNA virus POM and use them for the therapy of acute viral
respiratory infections. We examined seven titanium or vana-
dium substituted polyoxotungstates (all have Keggin or Keggin

Table 7
Broad spectrum anti-RNA virus activities of Ti and V substituted polyoxotungstates
Compound ECso (uM) *

DFV ° Fluv A ° RSV ° Pfluv 2 ° CDV © HIV-1°
PM-43 10.7+6.7 84+6.5 169 > 100 75+1.0 0.3+0.12
PM-47 10.5+6.9 11.5+06 29.0 ¢ 67.14¢ 6.0+0.6 0.03 +0.01
PM-518 36.8+3.0 62+27 2654 53+£39 > 50 20+0.8
PM-520 11.7+7.1 45426 0.74+0.6 23424 74404 20405
PM-523 >61.5 5.6+2.0 13+05 25+13 73+1.1 0.3+0.1
PM-1001 0.45+0..1 175+ 1.6 <0.16 1.1+0.9 57405 0.14£0.17
PM-1002 20+1.4 4017 0.75+0.05 0.75 +0.05 28+1.0 0.03 £0.01
Ribavirin > 100 50+2.8 3.9+3.1 140+4.8 74+ 35 Nd ©

? Average values for three to seven independent experiments.
® ECs was determined by MTT method.

¢ ECso was determined by plaque reduction method.
Average of two experiments.

Not determined.

[N

e
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sandwich structures, Table 6) for Dengue virus, PfluV 2,
canine distemper virus (CDV, a paramyxovirus related to
measles virus) and human immunodeficiency virus (HIV) 1.
All of the compounds exhibited broad spectrum anti-RNA
virus activity except that PM-43, PM-518 and PM-523 did not
have antiviral activities against PfluV 2, CDV and DFV,
respectively. All compounds demonstrated potent anti-HIV
activity. Among them two vanadium-substituted double Keg-
gin polyoxotungstates, PM-1001 and PM-1002, exhibited par-
ticularly potent and selective anti-HIV activities in vitro
(Table 7). When anti-HIV activities were examined with a
MAGTI test using HeLa CD4/LTR-B-Gal cells, the ECsos of
the compounds were 10 and 18 nM, and their selectivity
indices exceeded 10,000 and 5000, respectively. PM-1001
and 1002 showed their anti-HIV activities at an early stage of
the infection (probably at the adsorption stage) and also inhib-
ited syncytium formation between MOLT-4 cells (uninfected
cells) and MOLT-4/IIIb cells (infected cells). In order to ana-
lyze the target molecule with which PM-1001 interacts during
the adsorption/penetration process, we examined the inhibitory
effect of PM-523 against the binding of mouse antibodies to

S. Shigeta et al. / Biomedicine & Pharmacotherapy 60 (2006) 211-219

CD4, CXCR4 (monoclonal) and gp-120 (polyclonal) to the tar-
get molecules. PM-1001 inhibited the binding of anti-gp120
antibody to gp-120 but did not inhibit the binding of the anti-
CD4 and anti-CRCX4 antibodies to their target molecules.
Probably PM-1001 is inhibitory for the interaction of gp120
with its receptors, but the binding site is gp-120 (not CDA4)
[10]. A similar result on the POM anti-HIV mechanism of
action has been reported by Witvrouw et al. [11] using Dowson
and double Dawson structured polyoxotungstates. However,
they suggested also the blocking of gp-120 binding to the
CD4 molecule by a covering of the receptor site by the com-
pounds.

7. Anticoronavirus activities of polyoxometalates

Severe acute respiratory syndrome (SARS) first emerged in
late 2002 in Guangdong province, southern China, and then
spread to the neighboring countries and, eventually, around
the world. Eight thousand or more people have been judged
to be probable cases of infection, and about 750 patients lost

Table 8
Antiviral activities of polyoxometalates against coronaviruses
ECso(uM) * NI

TGEV " FIPV © SARS-V ¢ TGEV FIPV SARS-V
PM-504 14+0.5 04+03 35+24 >12.8 > 46.7 >14.3
PM-518 21+1.1 >32.9 >50 >15.6 ol.0 <1.0
PM-520 14+13 0.76 £0.5 49+14 >20.4 >38.5 >10.3
PM-523 2.5+0.6 >32.0 >50 >32.0 ol.0 <1.0
PM-802 05+0.5 0.03+£0.01 > 50 4.9 97.2 <1.0
PM-803 0.34+0.3 >21.0 Nd 55.3 ol.0 -
PM-1001 0.14+0.1 0.2+0.1 0.7+0.4 83.6 84.4 >70.4
PM-1002 0.6 +0.4 Nd 0.25+0.07 18.6 - > 400
PM-1201 02+0.14 >9.0 Nd >100 ol.0 -
PM-1207 19+14 0.09 £ 0.04 0.9 +0.24 >93 35.2 >54.3
PM-1208 20+1.8 >3.6 2.7+0.6 >8.1 ol.0 >18.4
PM-1210 1.6 +1.1 0.74 £0.4 0.76 £ 0.3 > 6.6 >14.3 >65.8
PM-1213 1.7+1.0 >10.5 0.47+0.14 >18.2 ol.0 106.4

? ECso and CCs, were determined by the average of three independent experiments.

° Transmissible gastroenteritis virus of swine.
¢ Feline infectious peritonitis virus.

4 SARS coronavirus.

¢ Selectivity index. SIs were calculated by CCso/ECsq in which the CCsgs were determined by cytotoxicities for CPK cells (TGEV), for fewf-4 cells (FIPV)
and for Vero cells (SARS-V), respectively. The SIs greater than 30 are indicated in bold face.

Table 9

Chemical formula of polyoxotungstates

Compound Chemical formula Color * Species

PM-504 K;H;5[Ge,TigW;3077]16H,0 White Keggin Dimer

PM-518 [EtzNHz]7[PTi2W10040] White Keggln

PM-520 [Pri,NH,]5[PTiW | O40] White Keggin

PM-523 [PriNH3]¢H[PTi,W0035(0,),]2H,0 Orange Keggin

PM-802 Na;Ho{Eu;0(0OH);(H,0)3},AL(NbsO9)s} White Lindqvist Trigonal
47H,0

PM-803 (NBuy)4(PriNH3) [PTi;W19055(0,),]2H,0 Yellow Keggin

PM-1001 K ;oNa[(VO);(SbW4033),]26H,0 Black Keggin Sandwich

PM-1207 Ki2[(VO)3(AsWy033),]12H,0 Dark brown Keggin Sandwich

PM-1208 K12[(VO)3(BiW¢053),]29H,0 Black Keggin Sandwich

PM-1210 [NH,4];,H(BiW053);Big(OH);3 Brown Keggin Trigonal
(H20);V4H0]25H,0

PM-1213 K2[(VO)3(PWg034),InH,O Dark grey Keggin Sandwich

* Color of powder.
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their lives. The etiological agent was originally defined as a
novel corona virus and later designated the SARS coronavirus.

Coronaviruses are widely distributed among avian and
mammalian species and commonly cause infections [12]. The
replication cycle of the coronavirus in permissive cells is com-
mon and for the adsorption to cellular membrane receptors the
N-terminal portion of the viral spike glycoprotein of the envel-
ope is used [13]. Since POMs have been proven to inhibit the
adsorption of several of the enveloped RNA viruses we exam-
ined nine titanium or vanadium containing polyoxotungstates
and one heteropolyoxometalate in which tungsten was substi-
tuted with niobium (PM-802 in Table 9). Three coronaviruses
which were shown to be pathogenic to mammals were used.
These viruses were transmissible gastroenteritis virus of
swine (TGEV), feline infectious peritonitis virus (FIPV) and
SARS coronavirus (SARS-V), respectively.

As shown in Table 8 all of the POMs exhibited anti-TGEV
activities. For SARS-V, the vanadium-substituted Keggin
sandwich type POMs displayed activity. For FIPV there is no
apparent relationship between the structure and the antiviral
activity. Over all, PM-1001 and PM-1207, which are vana-
dium-substituted Keggin sandwich type polyoxotungstates,
exerted the most potent and selective anti-coronavirus activities
(Table 8).

8. Conclusion

We previously reported that PM-1001 possesses broad spec-
trum anti-RNA virus activities including activity against FluV
A, RSV, PfluV 2 and so on. This compound also displays
potent and selective anti-SARS-V activity in vitro. Although,
as yet there are no reports of POMs in clinical use, most of the
in vitro and some of the in vivo experiments have shown these
compounds to be potent and broad spectrum in terms of their
antiviral activities against acute respiratory disease viruses.
Since the clinical diagnosis of respiratory virus infection is dif-
ficult, and laboratory confirmation is excessively time consum-
ing, broad spectrum antiviral compounds such as ribavirin,
interferons and POMs are promising as initial treatments of
undetermined respiratory viral diseases. Further work will elu-
cidate which of these drugs, and which combinations of these
drugs, should be added to the clinical pharmacopeia.
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