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Abstract

Human metapneumovirus (hMPV) is a recently elucidated respiratory virus pathogen for which there are no agents currently licensed
to prevent or treat infections caused by it. However, NMSO3 has been reported to inhibit replication of human respiratory syncytial virus
(hRSV), a virus that is closely related to hMPV, both in vitro in tissue culture cells and in vivo in cotton rats. For this reason, experiments
were performed to compare the antiviral activity of NMSO3 against both hRSV and hMPV in tissue culture-based assays. Heparin and
ribavirin, two other compounds known to inhibit hRSV, and two other paramyxoviruses, human parainfluenza virus type 3 (PIV3) and
measles virus (MV), were included in these tests for comparison. All three compounds significantly inhibited the replication of subtype A
and B strains of hRSV and serotypes 1 and 2 hMPV. However, unlike ribavirin, NMSO3 and heparin inhibited only hMPV and hRSV and
not PIV3 or MV. Also unlike ribavirin, the activity of the two sulfated molecules was most effective if these materials were present during
virus attachment and penetration of host cells. Interestingly, NMSO3, but not heparin, was able to limit secondary infection and spread of
both viruses.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction or antibody preparations are yet licensed for use to prevent
or treat hMPV infections. However, results from recent
Although only elucidated in 2001vén den Hoogen  preclinical testing suggest that ribavirin and intravenous im-
et al., 200}, human metapneumovirus (hMPV) has already munoglobulin (IVIG) administered alone or in combination
been shown to be a significant human respiratory pathogenmay be of some clinical valué\fyde et al., 2008
(Boivin et al., 2002; Stockton et al., 2002; Jartti et al., 2003; NMSO3 is a sulfated sialyl lipid that has been shown to
Greensill et al., 200B8with worldwide distribution Nissen have potent antiviral activity against different laboratory and
et al., 2002; Peret et al., 2002; Peiris et al., 2003; Freymuth clinical strains of hRSV in HEp-2 tissue culture cells and in
et al., 2003; Ebihara et al., 2003; Boivin et al., 2D0Bhis vivo in cotton ratsKimura et al., 200D Because of the close
virus is closely related to human respiratory syncytial virus phylogenetic relationship between hMPV and hRSV, testing
(hRSV) (van den Hoogen et al., 2001; Peret et al., 2002 was performed to determine if NMSO3 could also inhibit
causes similar clinical manifestationBdjvin et al., 2002; replication of hMPV. For comparison, hRSV and two other
Jartti et al., 2003; Greensill et al., 2008nd affects many  compounds known to inhibit this virus, heparkr@sat and
of the same subpopulations as hR3¥all, 1998; Ison and  Streckert, 199) another sulfated molecule, and ribavirin,
Hayden, 2002; Pelletier et al., 2002; Stockton et al., 2002; a nucleoside analog of guanosine currently licensed for use
Jartti et al., 2008 No vaccines, chemotherapeutic agents to treat severe hRSV-induced respiratory disease in infants,
were included in most assays. Human parainfluenza virus
type 3 (PIV3) and measles virus (MV) were also added to
* Corresponding author. Tek1-713-798-5255; faxs-1-713-798-6802.  SOMe tests for the same reason. In vivo testing against hMPV
E-mail addresspwyde@bcm.tmc.edu (P.R. Wyde). was not performed since presently there are no small animal
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models available for evaluating potential antivirals against from the Centers for Disease Control (CDC), Atlanta, GA,
this virus. with permission from Dr. Guy Boivin at the Research Cen-
Both NMSO3 and heparin significantly inhibited the repli- ter in Infectious Diseases, Regional Virology Laboratory,
cation of different strains of hMPV and hRSV in tissue Laval University, Quebec City, Canada. Another clinical
culture cells. However, unlike ribavirin, neither compound isolate of hMPV, RL Bx, was acquired from Gail Demmler,
inhibited the other two paramyxoviruses included in these M.D., Department of Pediatrics-Infectious Diseases, Texas
tests, PIV3 or MV. Time of addition and temperature shift Children’s Center, BCM. Subtyping of the hRSV strains
studies indicated that both of the sulfated materials were were performed by Dr. Larry Anderson at the CDC or by
most effective if they were present at times very early in personnel in the RPRU, BCM. The CDC identified the CDC
virus replication, most probably during virus attachment and 26583 hMPV as being serotype 1 and the 26575 virus as a
penetration. It was also noted that NMSO3, but not heparin, serotype 2 hMPV. Dr. Robert Atmar of the RPRU using a
was able to limit syncytium formation and secondary spread reverse transcriptase—polymerase chain reaction (RT-PCR)
of these viruses. assay determined that the RL Bx isolate to be have key RNA
sequences identical to that of a serotype 1 hMPV. Working
stocks of hRSV and PIV3 were prepared by infecting flasks

2. Materials and methods of HEp-2 cells as described previousk/¢de et al., 2008
Stocks of MV and hMPV were also prepared in this same
2.1. Tissue culture way, except that Vero cells were used to grow the former

virus and LLC-MK2 cells and trypsin-containing medium
Continuous cultures of HEp-2 (human epithelial car- lacking FCS the latter one.

cinoma; ATCC CCL-23), LLC-MK2 (Rhesus monkey
kidney; ATCC CCL-7) and Vero (African green monkey, 2.3. Chemotherapeutic agents
ATCC CCL-81) tissue culture cells were started from vials
of these cells purchased from the American Type Culture NMSO3 (GoH112NO23S4Nay; MW = 14787; see
Collection (ATCC; Manassas, VA). Eagle’s minimal essen- Kimura et al., 2000for structure) was provided by Mi-
tial medium (MEM; Sigma Chemical Co., St. Louis, MO; crobiotix, Inc., Worcester, MA. Heparin (sodium salt)
cat. no. M4465) supplemented with 5% fetal calf serum was purchased from the Sigma Chemical Co. (cat. no.
(FCS; Summit Biotechnology, Fort Collins, CO; cat. no. 210-6). Ribavirin (1B8-p-ribofuranosyl-1,2,4-triazole-3-
FP-200-05), 10Q.g/ml gentamicin (Sigma Chemical Co.; carboxamide, MW = 2442) was acquired from ICN
cat. no. G-1264), penicillin (100 U/ml) and streptomycin Pharmaceuticals (Costa Mesa, CA; cat. no. 196066). On
(100pg/ml; Sigma Chemical Co.; cat. no. P-4458), 2mM the morning of an experiment, the amount of heparin or
L-glutamine (Sigma Chemical Co.; cat. no. G7513) and ribavirin needed was suspended in sterile water (Baxter
0.2% sodium bicarbonate (Sigma Chemical Co.; cat. no. Healthcare Corporation, Deerfield, IL; cat. no. 2F7114)
S8761) was used as the growth medium. This same mediumand then filter sterilized using a Qun DynaGard filter
but containing only 2% FCS was utilized to prepare pools (Spectrum Laboratories, Rancho Dominguez, CA; cat. no.
of hRSV, PIV3 and MV and in all assays involving these DG2M-30-50S). NMSO3 was similarly prepared, except
viruses. Because replication of hMPV in LLC-MK2 cells that it was heated to 6Z to get it completely into solution
requires cleavage of virus protein, MEM supplemented as prior to filtering. Once in solution, it did not come back out.
above, but with 1.Q.g trypsin/ml (Worthington Biochem-
ical Corp., Lakewood, NJ; cat. no. 32C5468) and no FCS 2.4. Virus quantification
was utilized to prepare pools of this virus and in any assay

involving hMPV. Levels of hRSV in virus pools were determined in ster-
ile 96-well tissue culture plates (Falcon 3072) using se-
2.2. Viruses rial three-fold dilutions and virus-induced cytopathic effects

(CPE) as an endpoint as described in detail previoWsiyde

Pools of hRSV Long strain (ATCC VR26) and hRSV et al., 199% The monolayers in the wells of these plates
strain B Wash/18537/62 (ATCC VR1401; 18537) were were observed daily for CPE until no further development
prepared using virus purchased from the ATCC. The other virus presence was evident in the titration for at least two
strains of hRSV and the PIV3 utilized in these studies were successive days (usually Day 7). Using the final readings
acquired from the Respiratory Pathogens Research Unitand the interpolation method of KarbdR{odes and Van
(RPRU), Baylor College of Medicine (BCM). The M06 Rooyen, 1958 an estimation of the amount of virus present
MV tested was isolated in 1993 from a Zambian child in each test suspension was made. The estimates were ex-
hospitalized with measles and sent to us by Dr. Hiroshi pressed as median tissue culture infectious doses (JfID
Suzuki, Department of Public Health, Niigata University, logig)/ml and the minimum detectable virus in these assays
Niigata, Japan. Pools of hMPV were prepared using low was 1.8logg TCIDs5¢/ml-hPIV3, MV and hMPV were quan-
passage levels of isolates CDC 26575 and 26583 obtainedified similarly except that Vero cells were used to grow the
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MV and LLC-MK2 cells and medium lacking FCS and sup- which it is added VoytikHarbin et al., 1998 In these stud-
plemented with J.g trypsin/ml was utilized with hMPV. ies, the relative fluorescence in each test and control well
was determined utilizing a Fluorolit¥ 1000 Microtite
plate fluormeter (Dynatech Laboratories, Inc., Chantilly,
VA) when the color of the medium present in the tissue cul-
An enzyme-linked immunosorbant assay (ELISA) was ture control wells turned bright red (usually 4-6 h after ad-
used to confirm the presence of hMPV in test wells. This dition of the aB). The mean fluorescence in each set of wells
assay was performed exactly as described previowgjylé was then calculated and used to determine the percentage of
et al., 2003 except that hMPV-specific antiserum produced fluorescence for each test group relative to that of the tissue
in rabbits (discussed in the next paragraph) was utilized asculture control wells. These values and the corresponding
the primary sera. At the end of each test, a 96-well spec- concentration(g/ml) of NMSO3, heparin or ribavirin were
trophotometric plate reader (Molecular Devices, Inc., Palo entered into the computer using CalcuSyn (Biosoft, Inc., Fer-
Alto, CA) set at 450 nM wavelength was used to measure guson, MO), a Window<"-based program made for dose
the optical density (OD) of the medium in each test well. effect analysis. Using this software, the concentration of
The mean OD obtained for the tissue culture control wells each compound that induced a 50% reduction in mean rela-

2.5. ELISA for the detection of hMPV antigens

exposed to the hMPV-specific rabbit antiser& standard

tive fluorescence compared to the mean relative fluorescence

deviations (99% confidence limits) was determined. OD val- of the tissue culture control wells (i.e., theirdgvalue) was
ues in other wells greater than this value were considered toobtained.

be positive for h(MPV.

2.6. Production of hMPV-specific antibodies for use in the
hMPV-specific ELISA

Sucrose purified hMPV virus (CAN97-83; 4u3) protein/
ml) was inactivated with beta propriolactone and mixed with

2.8. EGgp assays

Assays to determine the median efficacious concentra-
tion (EG5o) of NMSO3, heparin and ribavirin against hMPV,
hRSV, PIV3 and MV were performed nearly simultaneously
as the 1@g assays using procedures described in detail pre-

an equal volume of phosphate buffered saline (PBS) con-viously \Wyde et al., 2008 The test plates were incubated

taining 10pg of QS-21 adjuvant (Antigenics, Inc., Fram-
ingham, MA). This mixture was sent to SynPrep Corp.,
Dublin, CA, where two rabbits were inoculated subcuta-

at 36°C in a 5% CQ incubator until the virus control wells
exhibited 70-100% CPE. This was usually 5-7 days after
the addition of hRSV, PIV3 or MV and 7-10 days after the

neously with this material, twice, 6 weeks apart. Three weeks addition of hMPV. When the appropriate amount of CPE
after the second injection, the two animals were euthanizedwas apparent in the virus control wells, the cell monolay-
and exsanguinated. The resulting sera were heat-inactivateeers in each well were observed and scored for drug-induced

at 56°C for 30 min, portioned, labeled and stored a4
It was determined that the levels of hMPV-specific neu-

cytotoxicity and virus-induced CPE. Because of the unique
CPE of hRSV, hPIV3 and MV, the cytotoxicity created by

tralizing and ELISA antibody in these sera was 1/256 and the drugs and the CPE produced by these viruses were usu-
>1/3000/0.05 ml, respectively. In contrast, both rabbit sera ally easily distinguishable and identifiable even at the end-

had hRSV-specific neutralizing and ELISA titeed/4 and
<1/10/0.05 ml, respectively.

2.7. 1Gsp assays
Determination of the median cytotoxic drug concentra-

tion (ICsp) of NMSO3, heparin and ribavirin in HEp-2, Vero
or LLC-MK?2 cells was carried out using 96-well flat tissue

points in each titration. However, because the CPE induced
by hMPV could be confused with drug-induced cytotoxi-
city, an ELISA for the detection of hMPV antigens (dis-
cussed inWyde et al., 2003and above) was performed in
plates containing this virus. The resulting data were entered
into the computer and the mean concentration of each test
compound that completely inhibited viral-induced CPE in
one-half of the replicate wells (i.e., their E€£value) was

culture plates (Falcon 3072) as described in detail previously determined. The 163 value obtained for each test compound

(Wyde et al., 200B The test plates were incubated at°86
for 24-48h in a 5% Ce@incubator until the monolayers in

was divided by the appropriate E§&value (for example, the
ICs50 of NMSO3 in HEp-2 cells/the Eg value of NMSO3

the tissue culture control wells became confluent. At that against RSV in HEp-2 cells) to obtain a selective index (Sl)

time, 20pl of alamar Blue (aB; Biosource International,
Camarillo, CA; cat. no. DAL1100) was added to every well.
This reagent contains an oxidation/reduction (REDOX) in-

dicator that is non-fluorescent and blue in its oxidized state,
but turns red and fluoresces strongly in its reduced state (ex-

citation and emission wavelengths 546 and 590 nm, re-
spectively). The reduction of aB occurs in direct proportion
to the density and metabolic activity of the cell population to

for each compound.
2.9. Time of addition and temperature shift studies

To help gauge at what steps of virus replication the
NMSO3 and heparin were interfering with, time of ad-
dition studies were performed in which these compounds
were added to monolayers of HEp-2 or LLC-MK2 at the
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same time as virus or at intervals up to 8h later. Four indicative of virus infection. The ELISA for the detection

to eight wells were used for each condition. The plates of hMPV antigens was utilized to confirm which wells were

were incubated at 38 in a 5% CQ incubator until the positive for this virus. From the resulting data, the mean

virus control wells exhibited 70-100% CPE as described concentration of each test compound that completely inhib-

above. ited foci formation in one-half of the replicate wells was
Temperature shift assays were performed to gain insight determined.

into whether NMSO3 was inhibiting virus attachment and/or

penetration. These tests were initiated by placing three repli-2.11. Statistics

cate test tubes containing suspensions of LLC-MK2 cells

and three with HEp-2 cells in ice. After 10 min, hMPV that Instat, a statistical program designed for IBM compatible

had been kept in ice was mixed with the contents of the three computers (version 3, GraphPad Software, Inc., San Diego,

tubes of LLC-MK2 and similarly chilled hRSV was addedto CA) was used to calculate all means and standard deviations.

the three tubes of HEp-2 cells. After 90 min with intermittent

mixing, cold distilled water (placebo) was added to one of

the tubes containing hMPV and LLC-MK2 cells and to one 3. Results

of the test tubes holding hRSV and HEp-2 cells. In the same

way, cold NMSO3 (2@wg/ml final concentration) was added The results of experiments performed to compare the cyto-

to one tube of each set of three tubes and heparin (10 U/mltoxicity of NMSO3, heparin and ribavirin and their antiviral

final concentration) to the last test tube in each set. After a efficacy against different paramyxoviruses are summarized

further incubation in ice for 30 min with occasional mixing, in Table 1 As the |Gy values in column 3 of this table in-

a portion of each suspension was removed from each vessetlicate, both NMSO3 and ribavirin exhibited some cytotox-

and 0.1 ml samples were added to eight replicate wells of aicity in HEp-2 cells (the IGg value of both materials being

96-well tissue culture plates (Falcon 3072). Tissue culture 750pg/ml), but none, even at the highest concentration of

control wells (i.e., wells to which just cells and media were the compounds tested (i.e., 1006/ml), in the LLC-MK2

added) were included in each test. These plates were placedells. No cytotoxic manifestations were observed in either

in a 36°C, (5%) CQ incubator until the virus control wells  cell line following their exposure to heparin. However, the

(those containing just tissue culture cells, medium and dis- maximum final concentration of this compound that was

tilled water) exhibited 70—100% CPE. At that time, all of tested was only 25 units/ml.

the wells in each assay plate were observed microscopically As the EGg values in column 5 offable lindicate, all

and scored for virus presence or absence. The visual obserthree test materials inhibited both hMPV and hRSV. More-

vations for hMPV were confirmed using the hMPV-specific over, each had more or less equivalent activity against both

ELISA. of these viruses. Thus, the mean gg@btained for rib-
avirin against hMPV was 1F 6 pg/ml and & 7 pg/ml ver-
2.10. Virus foci-inhibition assays sus hRSV, the Egp determined for NMSO3 against both

viruses was @.g/ml; and the Egp values ascertained for

Assays were also performed to determine if the two sul- heparin against hMPV and hRSV werer @ 0.3 units/ml
fated compounds could inhibit secondary as well as primary and 08 + 0.6 units/ml, respectively. Because of its lower
virus infection. In these studies, approximately 30 TeJD  ECsg values, NMSO3 had higher selective indices than rib-
of hMPV or hRSV were added to monolayers of LLC-MK2  avirin (125 and>167 for NMSO3 versus hRSV and hMPV,
(hMPV assays) or HEp-2 (hRSV assays) cells and the virus respectively, compared to 84 ancb9 for ribavirin versus
was allowed to absorb for 90 min. During this time, serial these viruses). Heparin had a SI1>®81 against hRSV and
two-fold dilutions of distilled water (the diluent used to >36 versus hMPV in these tests. In contrast to the nucle-
suspend the heparin and NMSO3), heparin or NMSO3 were oside analog which inhibited all four paramyxoviruses (al-
made in parallel plates. At the end of the 90 min incuba- beit at different levels), NMSO3 and heparin only inhibited
tion, the cell monolayers in the primary test plates were replication of hRSV and hMPV.
washed three times to remove any unadsorbed virus and All three test compounds equivalently inhibited the differ-
then the contents of the wells of the parallel plates were ent subtype A and B hRSV strains used in these studies as
transferred to the primary plate taking care to maintain the well as both serotypes 1 and 2 human metapneumo-viruses.
proper orientation of each pair of plates. Wells containing This equivalence is made evident by the limited range of
only cells and medium (tissue culture control wells) and ECsg values and selective indices displayed in each sub-
wells with the appropriate virus and tissue culture cells section ofTable 2 As important, these data indicated that
(virus control wells) were included in each assay. The pri- each material had comparable antiviral activity against both
mary test plates were placed in the °8 incubator until hRSV and hMPV.
foci of syncytia (hRSV plates) or infection (hMPV plates) In experiments in which NMSO3 or heparin were added
were evident in the virus control wells. At that time, the at different times to the cell monolayers relative to the time
monolayers in every well were observed and scored for foci that virus was added (sé@ble 3, no inhibition of virus,
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Table 1

Comparison of the cytotoxicity and antiviral efficacy of NMSO3, heparin and ribavirin against different paramyxdviruses
Material tested Cell line Mean K3 (g or U/mlP-C Virus tested Mean EGp (p.g or U/ml) Mean selective index
Ribavirin HEp-2 750+ 0 hRSV 9+ 7 84
Ribavirin LLC-MK2 >1000+ O hMPV 17+ 6 >59
Ribavirin HEp-2 750+ 0 PIV3 24+ 10 31
Ribavirin LLC-MK2 >1000+ O MV 110+ 72 15
NMSO3 HEp-2 750+ 0 hRSV 6+ 2 125
NMSO03 LLC-MK2 >1000+ 0 hMPV 6+ 3 >167
NMSO3 HEp-2 >750+ 0 PIV3 >750+ 0 1
NMSO3 LLC-MK2 >1000+ 0 MV >1000+ 0 1
Heparin HEp-2 >25+0 hRSV 0.8+ 0.6 >31
Heparin LLC-MK2 >25+0 hMPV 0.7+ 0.3 >36
Heparin HEp-2 >25+ 0 PIV3 >25+ 0 1
Heparin LLC-MK2 >25+ 0 MV >25+ 0 1

aThe selective indices displayed were obtained by dividing the mean median inhibitory concentragginofi@ined for each compound in each
tissue culture cell line (column 3) by its respective mean median virus-inhibitory concentratigg; &@mn 6). All means were obtained from a
minimum of two replicate 16y and EGp assays, performed as describedSiection 2

b hRSV: human respiratory syncytial virus; hMPV: human metapneumovirus; PIV3: human parainfluenza virus; MV: measles virus.

€The appropriate units for ribavirin and NMSO3 jig/ml. For heparin, units (U)/ml is the appropriate label.

compared to that seen in the virus control wells, was ob- In temperature-shift studies where ice-cold heparin
served in any of the wells to which these materials were (10 U/ml final concentration) or NMSO3 (203/ml final
added 60 or 120 min subsequent to virus or in those in which concentration) were added to suspensions of cells and virus
drug had been present but removed just prior to the additionkept in ice, total inhibition of the replication of both hRSV

of virus. Marginal, but evident, reductions in virus repli- and hMPV were observed when the suspensions were plated
cation were observed in wells to which heparin was added and moved to 36C (seeTable 4. In contrast, if distilled

30 min after virus (row 6), but not in wells that NMSO3 was water was added similarly and the suspensions of cold cells
inserted at this time (row 11). In contrast to these findings, and virus were dispensed into test plates and placed in a
total inhibition of virus was seen whenever either NMSO3 36°C incubator, both viruses replicated well and produced
or heparin were added at the same time as virus. abundant CPE by days 7-10 of incubation. These findings

Table 2
Comparison of the antiviral efficacy of NMSO3, heparin and ribavirin against different strains of human metapneumovirus and human respiré&dry syncy
virus?

Material tested Cell line Virus tested Subtype or serotype Mean BE(ng or u/ml) Mean selective index
Ribavirin HEp-2 hRSV Long strain A 143 54
Ribavirin HEp-2 hRSV 18537 B X7 83
Ribavirin HEp-2 hRSV 37593 A 12 6 63
Ribavirin LLC-MK2 hMPV RL Bx 1 18+ 8 56
Ribavirin LLC-MK2 hMPV 26575 2 9+ 3 111
Ribavirin LLC-MK2 hMPV 26583 1 12+ 4 83
NMSO3 HEp-2 hRSV Long strain A & 4 125
NMSO3 HEp-2 hRSV 18537 B g 2 150
NMSO3 HEp-2 hRSV 37593 A 52 150
NMSO3 LLC-MK2 hMPV RL Bx 1 3+1 333
NMSO3 LLC-MK2 hMPV 26575 2 5t 2 200
NMSO3 LLC-MK2 hMPV 26583 1 44+ 1 250
Heparin HEp-2 hRSV Long strain A 04 0.4 >42
Heparin HEp-2 hRSV 18537 B 02 0.5 >28
Heparin HEp-2 hRSV 37593 A 0% 05 >50
Heparin LLC-MK2 hMPV RL Bx 1 0.7+ 0.3 >36
Heparin LLC-MK2 hMPV 26575 2 0.5t 0.2 >50
Heparin LLC-MK2 hMPV 26583 1 0.4 0.1 >63

aThe selective indices displayed were obtained by dividing the mean median inhibitory concentragigyroti@ined for each compound in HEp-2
or LLC-MK2 tissue culture cells (data not shown) by the mean median virus-inhibitory concentratigp) (@€played in column 6. All means were
obtained from a minimum of two replicate 4¢and EGp assays, performed as describedSection 2

bhRSV: human respiratory syncytial virus; hMPV: human metapneumovirus.
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Table 3
The effect of the time of addition of NMSO3 and heparin on their antiviral effect against human respiratory syncytial and human metaprfeumovirus
Material tested Concentration  Time added Test virus % CPE Test virus % CPE

tested@

Experiment 1 Experiment 2 Experiment 1 Experiment 2

Distilled water N.A. —1hto TO hRSV >80 >80 hMPV >80 >80
Distilled water N.A. Time 0 hRSV >80 >80 hMPV >80 >80
Distilled water N.A. +30min hRSV >80 >80 hMPV >80 >80
Heparin 10U/ml —1hto TO hRSV >80 >80 hMPV >80 >80
Heparin 10U/ml Time O hRSV 0 0 hMPV 0 0
Heparin 10U/ml +30min hRSV ~50 ~50 hMPV ~50 ~50
Heparin 10 U/ml +60min hRSV >80 >80 hMPV >80 >80
Heparin 10U/mi 4120 min hRSV >80 >80 hMPV >80 >80
NMSO3 20p.g/ml —1hto TO hRSV >80 >80 hMPV >80 >80
NM SO3 20 pg/ml Time 0 hRSV 0 0 hMPV 0 0
NMSO3 20p.g/ml +30min hRSV >80 >80 hMPV >80 >80
NMSO3 20p.g/ml +60min hRSV >80 >80 hMPV >80 >80
NMSO3 20p.g/ml +120 min hRSV >80 >80 hMPV >80 >80

aDistilled water, heparin or NMSO3 was added to the appropriate test wells at the times (relative to virus addition) stated in column 3. In the wells
indicated above as-1h to TO (1 hour to time 0), the distilled water, heparin or NMSO3 were removed just prior to the addition of virus and replaced
with medium containing 2% fetal calf serum. The test materials were not removed from any of the other wells. All wells were observed for virus-induced
cytopathic effects (CPE) when the monolayers in the virus control wells (i.e., wells containing tissue cultusevielts and no test agent) exhibited
>80% CPE.

bN.A.: not applicable.

¢The percentage CPE in each well was estimated based on the approximate amount of the monolayer exhibiting syncytia formation (for wells infected
with hRSV) or distinctive rounding up of the cells (for wells infected with hMPV). Bolded rows indicate the conditions that lead to overt reductions in
virus-induced CPE compared to the cytopathology seen in the virus control wells.

Table 4
The effect of NMSO3 and heparin on virus penetration of host cells by human respiratory syncytial and human metapnumovirus
Material tested  Concentration Temperature when Test virus % CPE Test virus % CPE
tested added {C) - - - -
Experiment 1  Experiment 2 Experiment 1  Experiment 2
Distilled water  N.A. 0 hRSV >80 >80 hMPV >80 >80
Heparin 10U/ml 0 hRSV 0 0 hMPV 0 0
NMSO3 20 pg/ml 0 hRSV 0 0 hMPV 0 0

2|ce-cold human respiratory syncytial (RRSV) or human metapneumo (hMPV) virus was added to plastic test tubes containing similarly chilled
suspensions of HEp-2 or LLC-MK2 cells, respectively. After 90 min with occasional mixing, 0.1 ml of each mixture was added to eight replicate
wells containing ice-cold distilled water, heparin (10 units (U)/ml final concentration) or NMSORg20l final concentration). After a further 30-min
incubation in the cold, the plates were moved to @@6ncubator. All wells in an assay plate were observed for virus-induced cytopathic effects (CPE)
when the monolayers in the virus control wells (i.e., wells containing tissue culturetceitss and no test agent) exhibiteeg80% CPE.

bN.A.: not applicable.

¢The percentage CPE in each well was estimated based on the approximate amount of the monolayer exhibiting syncytia formation (for wells infected
with hRSV) or distinctive rounding up of the cells (for wells infected with hMPV). Bolded rows indicate the conditions that lead to overt reductions in
virus-induced CPE compared to the cytopathology seen in the virus control wells.

suggested that both NMSO3 and heparin inhibited virus the values obtained for this compound in the standarghEC

penetration of host cells (and perhaps virus uncoating). assay (i.e., 1& 3pg/ml versus hMPV and 18& 8pg/ml
Interestingly, in foci forming assays where the test versus hRSV in this assay compared to ggémnl versus

viruses were allowed to infect monolayers of LLC-MK2 or hMPV and 5-Gug/ml versus hRSV in the standard &C

HEp-2 prior to the addition of test drugdble 5, NMSO3, assay; se@ables 1 and R

but not heparin, was able to completely inhibit hMPV- or

hRSV-induced foci of infection if sufficient concentrations

of this compound were present. In these assays, the highestt. Discussion

(final) concentration of heparin tested was 25 units/ml, or

>25 times the Egp determined for this compound in the Attachment and penetration are steps essential for effi-

standard Egp test (i.e., 0.5-0.9 U/ml; seBables 1 and R cient infection of host cells by most viruses (reviewed in

The EGyo values obtained for NMSO3 against hRSV and Roizman and Palese, 1996The former usually requires

for hAMPV in these assays were both somewhat higher thanspecific binding between sites on a viral coat protein (viral
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Table 5

Comparison of the inhibition of infectious foci produced by human respiratory syncytial and human metapneumovirus viruses by NMSO3 ahd heparin
Material tested Cell line Virus tested Parameter tested MeanEC

Heparin HEp-2 hRSV Long strain Syncytia fbci >10 £ Ounits/ml

Heparin LLC-MK2 hMPV RL Bx Infectious foci >10 & Ounits/ml

NMSO3 HEp-2 hRSV Long strain Syncytia foci 18 8pg/ml

NMSO3 LLC-MK2 hMPV RL Bx Infectious foci 10+ 3pg/ml

a Approximately 100 TCIRp of human respiratory syncytial (hRSV) or human metapneumovirus (hMPV) were allowed to adsorb to the test monolayers
for 90 min. Each monolayer was then washed and serial two-fold dilutions of heparin or NMSO3 were added in quadruplicate to the test wells. Distilled
water (the diluent utilized for the heparin and NMSO3) was added to the placebo-control wells. When the foci of infection were well formed in the virus
control wells (those that contained cells, virus and medium only), all of the cell monolayers in each plate were observed for infection foci.formation

b ECso: median efficacious concentration (i.e., the concentration of each compound that inhibited infection foci formation 100% in one-half of the
replicate wells).

¢The infectious foci induced by hRSV characteristically exhibited marked syncytium formation while the foci produced by hMPV, although distinctive
generally had minimal or no apparent syncytium formation.

attachment site or antireceptor) and constituents on the hosimay be involved since it has been shown that this molecule
cell surface (virus receptor) and it is often facilitated by the can also inhibit virus penetration and syncytia formation
presence of ions, whose role is presumably to reduce elec-as well as virus attachmerKifura et al., 200D In those
trostatic repulsion between virions and the host cell. Unlike studies, the NMSO3 appeared to be 53 times more active
the attachment step, penetration of the host cell by virusesthan ribavirin, the only chemotherapeutic currently avail-
generally requires energy and is temperature-dependent@ble to treat hRSV infections. Indeed, it was because of this
(Dales, 1973 Thus, reducing the temperature to nedC0 reported activity, the demonstration that NMSO3 was also
usually inhibits viral penetration of the host cell, but not effective in vivo and the close phylogenetic relationship
virus attachment. The former usually occurs almost in- between hMPV and hRSV, that the present studies were ini-
stantaneously after attachment and for paramyxoviruses ittiated to determine the ability of NMSO3 to inhibit hMPV.
has been shown to involve the fusion of the lipid envelope Heparin was included in the current testing for com-
of the virus with the plasma membrane of the host cell parative purposes. It too is a sulfated molecule that has
(Lamb, 1993. Because virus attachment and penetration of been shown to inhibit RSV replication in vitr&Kfusat and
host cells are so critical for efficient virus infection, these Streckert, 199% Moreover, the mechanism of action by
steps have been the target of numerous antiviral candidatesvhich heparin inhibits hRSV has been well studied. It
(Boehme et al., 1994A number of these have been sulfated appears that this compound impairs essential interactions
compounds that have been shown to interfere with the inter- between the G (attachment protein) of hRSKeldman
action(s) of the attachment site on the virus coat proteins andet al., 1999 and host cell glycoaminoglycan-like moieties
glycosaminoglycan-like receptor moieties on the surface of (Martinez and Melero, 2000 most likely heparanHallak

host cells (e.g., heparan sulfa¥uDunn and Spear, 1989;

et al., 2000. This hypothesis is supported by the fact that

Sawitzky et al., 1990; Jackson et al., 1996; Bourgeois et al., there is a linear heparin-binding domain within the highly

1998; Liu and Thorp, 2002 Some of the viruses whose

conserved region of the G glycoprotein of hRS%[dman

replication has been shown to be inhibited by these mate-et al., 1999. Heparin has also been shown to bind to the

rials includeHerpes simplexNahmias and Kibrick, 1964

other major coat protein of hRSV, the fusion (F) protein

cytomegalovirus, vesicular stomatitis virus, human immun- (Feldman et al., 20QQwhich has a role in viral attachment

odeficiency virus Baba et al., 1988; Di Caro et al., 1999
Varicella zoster(Zhu et al., 1995 foot-and-mouth disease
virus (Jackson et al., 1996pseudorabies viruR@mos-Kuri
et al., 1990 and hRSV Hosoya et al., 1991; De Clercq,
1996.

and infectivity Karron et al., 199y, as well as determining
host cell specificity $chlender et al., 2003Thus, it appears
that heparin may inhibit hRSV replication by interfering
with the binding and/or biological activity of both of the
major hRSV coat proteins. To our knowledge, no studies

The studies contained in this report center on NMSO3, a have been performed looking at the ability of heparin to
molecule with four sulfate residues that has been reportedinhibit hMPV infections.

to markedly inhibit hRSV in vitro and in vivo in cotton

The other compound utilized in these studies for com-

rats, but to have marginal or no activity against influenza A, parison, ribavirin, is a nucleoside analog of guanosine with
influenza B, parainfluenza type 2 or canine distemper virus known broad-spectrum antiviral activitySidwell et al.,
(Kimura et al., 200R The molecule is negatively charged 1972. It is thought to inhibit hRSV replication by inhibit-
and thus may inhibit the adsorption of hRSV to the cell ing inosine monophosphate dehydrogenase in host cells
membrane of host cells by interfering with static electric causing a depletion of intracellular pools of guanosine
binding between the viral attachment protein and viral re- triphosphate required for viral RNA synthesiBafterson
ceptors on the host cell membrane. However, other factorsand Fernandez-Larsson, 1990Q is currently approved for



58

use to ameliorate severe hRSV infections in infants. Of
equal importance, ribavirin was recently shown to equiv-
alently inhibit both hMPV and hRSV replication in tissue
culture-based assay$Wde et al., 200B Thus it was of
great interest to determine if NMSO3 would have equiv-
alent or greater antiviral activity against hMPV than the
nucleoside analog.

In fact, in the present studies, based onsgE@lues and
selective indices (segables 1 and ¥ NMSO3 generally
exhibited equivalent activity against hRSV as ribavirin,
and equivalent or greater selective antiviral activity against
hMPYV. On a micromolar basis, NMSO3 (M\At 14787)
was approximately six times more active than ribavirin
(MW = 2442) against hRSV and at least 12 times more

efficacious against hMPV than the guanosine analog. How-

P.R. Wyde et al./Antiviral Research 63 (2004) 51-59

or ameliorate infections caused by this virus. Because of its
phylogenetic relationship to hRSYV, it is plausible to begin
the search for such interventions with substances that have
proven to be successful against hRSV. In this vein we have
previously shown that ribavirin and a standard IVIG prepa-
ration have equivalent activity against hMPV and hRSV. The
present studies add another material, NMSO3, to the list
of potential compounds that may be of some clinical ben-
efit for preventing or treating infections caused by hMPV.
Because of the anticoagulation properties of heparin, this
material would not likely be useful as an antiviral against
viruses such as hMPV or hRSV. However, it is possible that
a derivative or analog of heparin could be. Regardless of
whether NMSQO3, heparin or a derivative of these materials
make it into clinical trials, further testing with these com-

ever, regardless of how the calculations are made, it is clearpounds may provide useful insight into the identity of the at-

that the differences in inhibition exhibited in the present
studies against hRSV by NMSO3 and ribavirin were less
than the 53-fold difference in activity previously reported for
these compound¥mura et al., 200D The virus-detection

tachment protein and host cell receptor sites used by hMPV
as such testing with heparin has done with hRSV.

Testing of NMSO3 against hMPV in vivo needs to be
performed to help determine the potential clinical utility of

assays used in the different studies may account for somethis molecule. However, currently there are no small animal
of the disparity. In the earlier testing, antiviral activity was models available to perform such studies. There is still rea-
determined utilizing either a virus plaque reduction or an son to be optimistic since NMSO3 has been shown to inhibit
ELISA assay for detecting virus antigen, while in the present hRSV replication in cotton rats and in the present studies no
studies the antiviral assays were performed in 96-well plates significant differences were seen in the inhibition of hRSV

and CPE was used as an endpoint. There may also be differand hMPV by NMSO3.

ences in the purity of the NMSO3 preparations used in the

separate studies. Regardless, in the current investigation,

NMSO3 appeared to be relatively nontoxic to two tissue
culture cell lines (i.e., HEp-2 and LLC-MK2 cells) and
consistently inhibited hMPV with selective indices50.

The results obtained in the time of addition and tempera-
ture shift studies indicate that as they do with hR&ihfura
et al., 2000; Krusat and Streckert, 199@oth NMSO3 and
heparin inhibit h(MPV replication by acting at an early step
in the replication cycle of this virusTables 3 and ¥} most
likely attachment and penetration. This similarity in appar-
ent mechanism of action and level of antiviral activity seen
with NMSO3 and heparin suggests that hRSV and hMPV
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