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ABSTRACT
 

The efficacy of NMSO,a synthetic derivative of various alkyl-sulfated sialic acid,against
 

human immunodeficiency virus type 1(HIV-1)was evaluated in vitro.In cultures of primary-

infected human T-lymphoblastoid H9 cells,NMSO inhibited HIV replication in a concentration-

dependent manner.NMSO also inhibited HIV in cultures of chronically infected cells.The
 

production of progeny viruses was abolished without cytotoxicity by continuous addition of NMSO

to chronically infected H9 cells.Experiments to define the mechanism of inhibition showed that
 

NMSO competes with gp120 for binding to CD4 receptors and inhibits the entry of HIV into cells.

Moreover,chloramphenicol acetyltransferase(CAT)analysis revealed that transcription of the
 

integrated provirus is inactive in the presence of NMSO,suggesting the lack of progeny in the
 

culture supernatant of NMSO-treated cells.These findings indicate that NMSO has a unique
 

mechanism of action against HIV replication and might be used to treat HIV infection.

(Jikeikai Med J 2004;51:25-31)
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INTRODUCTION
 

Since Acquired Immunodeficiency Syndrome was
 

first described in 1981,there has been considerable
 

research aimed at identifying compounds effective
 

against Human Immunodeficiency Virus (HIV).

Infection by HIV involves several distinct steps,in-

cluding binding to CD4 and chemokine receptors,

entry into a host cell,uncoating,reverse transcription,

expression of the genome,protein synthesis,assembly,

budding,and maturation.

HIV infects several subsets of cells,and infection
 

by HIV is a chronic process characterized by persist-

ent viral replication .Several approaches have
 

been explored to develop agents for treating HIV
 

infection.Each step of viral replication is a possible

 

target for therapeutic agents.Since the discovery of
 

azidothymidine,many kinds of sugar-modified nu-

cleoside analogs have been synthesized for their poten-

tial as anti-HIV compounds.Furthermore,several
 

nonnucleoside reverse transcriptase(RT)inhibitors
 

and protease inhibitors have used clinically.

Although highly active antiretroviral therapy has
 

been developed ,more effective and less cytotoxic
 

agents are still needed,particularly agents with differ-

ent mechanisms of action.Because of extensive
 

replication of HIV in vivo,resistance against HIV
 

develops,eventually leading to treatment failure .

Therefore,other anti-HIV agents are needed.

NMSO is a synthetic derivative of various alkyl-

sulfated sialic acids which is effective against respira-

tory syncytial virus and other myxovirus infections.
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In the present study,we investigated the antiviral
 

effect of NMSO on HIV replication and analyzed the
 

mechanism of its inhibitory action.We found that
 

NMSO prevents both the binding of virus to cells and
 

the transcription of the viral genome.The identifica-

tion of this novel class of anti-HIV compound and
 

clarification of its mechanism of inhibition may lead
 

to new therapies for HIV.

MATERIALS AND METHODS
 

Compound
 

NMSO was synthesized from alkyl-sulfated
 

sialic acid at the Central Research Institute of Nissin
 

Food Products Co.,Ltd.(Shiga)with a method de-

scribed by Fujita et al.The chemical name of
 

NMSO is sodium ［2,2-bis (docosyl-oxymethyl)

propyl-5-acetoamido-3,5-dideoxyl-4,7,8,9-tetra-O-

(sodium-oxysulfonyl)-D-glycerol-α-D-galacto-2-

nonulopyranosid］onate(Fig.1).

Azidothymidinewas used as a positive anti-HIV
 

control drug(Sigma Chemical Co.,St.Louis,MO,

USA).

Monoclonal antibody OKT4A was purchased
 

from Beckton Dickinson(San Jose,USA).

Antiviral assay
 

Twenty microliters of H9 cells (4×10cells/ml)

were incubated with 20μl of serially diluted NMSO

for 30 minutes at 37°C.The cells were then inoculat-

ed with HIV-1 IIIB,MN,and clinical isolates 9487 and
 

9532.Reaction mixtures containing the cells,

NMSO,and HIV were incubated for 90 minutes at
 

37°C to permit adsorption of viral particles,then were
 

transferred to a new well of a 96-well plate containing

 

180μl of fresh medium (10% fetal bovine serum/

RPMI).On day 6,samples were harvested for 1)p24
 

enzyme-linked immunosorbent assay (ELISA)to
 

quantify the number of progeny viruses,and 2)3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide(MTT)assay to evaluate the number of viable
 

cells.

To assess the effects of NMSO on H9 cells
 

chronically infected with HIV,the cells were infected
 

with HIV IIIB at least 1 month before the experiment,

and the percentage of infected cells was confirmed by
 

fluorescence-activated cell sorter(FACS)analysis.

The cells were seeded at 1×10/ml in a 24-well cul-

ture plate with 20μg/ml of NMSO.Cells were split
 

1:5 every 3 to 4 days with addition of further NMSO

(final concentration,20 μg/ml).The amount of
 

produced viruses was monitored by measuring the
 

activity of RT.

Competition analysis for recombinant  gp120 binding
 

to CD4
 
To determine the mechanism of action of NMSO

on HIV replication,we first examined the initial step
 

of HIV infection,i.e.,the binding of gp120 to the CD4
 

receptor.We performed a blocking assay with
 

NMSO to evaluate its interference activity against
 

the binding between rgp120 and immobilized CD4.

Recombinant soluble CD4(Intracel,Frederick,

MD,USA)at 1.5μg/ml was applied to an Immulon4
 

plate(Nunc Inter Med,Roskilde,Denmark)at 37°C for
 

1 hour.After blocking with 5% goat serum/phos-

phate-buffered saline at 37°C for 1 hour,serially
 

diluted NMSO with 150 ng of recombinant(r)gp120
 

was added to each well of a plate,which was incubat-

ed for an additional hour at room temperature.The
 

rgp120 alone was reacted as the 100%binding control,

and blocking buffer alone was reacted as the 0%

binding control.One hundred microliters of rabbit
 

anti-rgp120 serum was added,and the plate was in-

cubated at room temperature for 1 hour.Horse-

radish peroxidase-conjugated goat anti-rabbit im-

munoglobulin G at 1:4,000 dilution was then added,

and the plate was incubated at room temperature for
 

1 hour.Finally,ortho-phenylene diamine substrate

 

S.NAKAMORI,et al. Vol.51,No.2 26

 

Fig.1.The structure of NMSO



was added,and reactivity was measured by monitor-

ing optical density at 492 nm and 630 nm.

Chloramphenicol acetyltransferase assay for HIV gene
 

transcription
 

To investigate the mechanism of inhibition,we
 

next analyzed the level of transcription by means of a
 

chloramphenicol acetyltransferase (CAT)assay.

H9 cells were transfected with a plasmid containing
 

the CAT gene under control of the HIV long terminal
 

repeat(LTR)promoter.The LTR-driven CAT gene
 

expression induced by tat was analyzed with NMSO

treatment.Five micrograms of LTR-CAT,which
 

contains the CAT gene under control of HIV-1 LTR,

and 5μg of ptat (SV40-tat expression vector)plasmid

(both kindly provided by Dr.Akio Adachi,Tokushima
 

University School of Medicine) were cotransfected

 

into H9 cells(1.7×10c/ml in 300μl of 1 mM dex-

trose/RPMI)by Gene pulser electroporation(BioRad
 

Laboratories,Hercules,CA,USA)The efficiency of
 

transfection was approximately 30%.The cells were
 

resuspended with 10% fetal bovine serum/RPMI,in-

cubated for 48 hours in serially diluted NMSO,and
 

harvested for CAT assay with ELISA (Boehringer
 

Mannheim GmbH,Mannheim,Germany).

RESULTS
 

Inhibitory effect against HIV primary infection
 

Treatment with NMSO inhibited HIV-1 replica-

tion in a concentration-dependent manner in this
 

primary assay system (Fig.2).Little cytotoxicity
 

was observed with NMSO concentrations up to 250

μg/ml.
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Fig.2.Inhibitory effect of NMSO on primary HIV infection
 

H9 cells were preincubated with various concentrations of NMSO at 37°C for 30 minutes and exposed to
 

HIV-1 IIIB,MN,and clinical isolates 9487 and 9532.The amounts of progeny viruses in culture super-
natant were estimated with the p24 antigen capture assay,and the viability of cells was measured with the

 
MTT assay on day 6.The values represent the percent of control(no agent).The results represent the

 
average of triplicate experiments.
□:p24 antigen,○:MTT

 

27



 

Anti-HIV activity in chronic infection
 

Treatment with NMSO also had anti-HIV activ-

ity against H9 cells chronically infected with HIV-1
 

IIIB.Treatment with NMSO completely abolished
 

production of progeny viruses after 90 days.Viral
 

replication was completely inhibited as long as
 

NMSO was present in the culture medium.How-

ever,no effect on cell viability was observed,and
 

cultures without NMSO showed continuous virus
 

production during the experimental period.Further-

more,the effect of NMSO on HIV replication was
 

reversible:when treatment of NMSO was halted,

viral particles reappeared in the culture supernatant.

Competition analysis against CD4 receptors
 

NMSO inhibited rgp120 binding to recombinant
 

soluble CD4 in a concentration-dependent manner

(Fig.4(A)).The result indicates that NMSO can
 

protect CD4 receptors from HIV binding.However,

the control experiment with azidothymidine exhibited
 

no inhibition.NMSO also inhibited the binding of
 

CD4 and OKT4A(Fig.4B).In contrast,no inhibition

 

Fig.3.Inhibition profile of NMSO on HIV-1 chroni-
cally infected cells

 
NMSO was added to HIV-1 IIIB-infected H9

 
cells,and the supernatant was harvested to mea-
sure the progeny viruses produced.The values

 
indicate the incorporated［ H］-deoxythymidine

 
monophosphate,representing RT activity.The

 
results represent the average of 2 separate experi-
ments.
○:with NMSO,□:without NMSO

Fig.4.Competition analysis with NMSO
A.Inhibition by NMSO of the binding of rgp120

 
and CD4
 

Serially diluted NMSO or azidothymidine was
 

mixed with 150 ng of rgp120 and added to the
 

soluble CD4-coated plate.The amount of bound
 

rgp120 was determined with ELISA.
B.Inhibition by NMSO of CD4 and OKT4A

 
binding
 

Serially diluted NMSO or azidothymidine was
 

added to the soluble CD4-coated plate in the
 

presence of OKT4A.The amount of bound
 

OKT4A was determined with ELISA.
○:NMSO,×:azidothymidine
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was observed with azidothymidine.

Analysis of  HIV gene transcription with NMSO

The LTR-driven CAT gene expression induced
 

by tat  was reduced by NMSO in a concentration-

dependent manner(Fig.5).This result suggests that
 

NMSO treatment inactivated the transcription of
 

HIV-1 proviruses.

DISCUSSION
 

A variety of potentially vulnerable steps in the
 

HIV replication cycle could serve as targets for thera-

peutic intervention,and advances in the understanding
 

of the HIV replication cycle have identified molecules
 

that can be selectively inhibited.Although several
 

promising compounds have been developed and highly
 

active antiretroviral therapy has made significant
 

progress,more effective agents are still needed,in
 

particular,agents with different mechanisms of
 

action.

NMSO,a sulfated sialyl lipid,has been evaluated
 

for efficacy against respiratory syncytial virus and

 

other myxovirus infections in cell culture.In an
 

experiment with a temperature shift during the period
 

of contact between the virus and cells,NMSO inhib-

ited both the binding of respiratory syncytial virus to
 

the cells and its penetration into the cells by means of
 

its high anionic charge.In the present study,we
 

investigated the inhibitory activity of NMSO against
 

HIV-1.Our results indicate that NMSO inhibits
 

HIV replication in both acute and chronic infections.

Competition ELISA between CD4 and gp120 has
 

shown that NMSO selectively blocks CD4/gp120
 

binding.The first step of HIV infection is the bind-

ing of gp120 to CD4 molecules on the cell surface ;

therefore,molecules that block this interaction could
 

inhibit both HIV infection and cell fusion .Previ-

ous studies have shown that dextran sulfate binds to
 

the gp120 through its high anionic charge and blocks
 

the fusion process of HIV into cells.NMSO has a
 

structure similar to that of dextran sulfate,i.e.,a
 

highly anionic charged polysulfate structure.More-

over,negatively charged polysaccharides inhibit the
 

cellular adsorption of viruses by interfering with
 

static electrical binding between the viral envelope
 

and cell membranes.NMSO has 4 sulfate residues
 

per molecule,is negatively charged,and may inhibit
 

the binding of HIV gp120 to CD4 on cells.There-

fore,NMSO interacts with CD4 and in primary infec-

tion likely inhibits the binding of gp120 to CD4,which
 

terminates viral entry into cells.

CD4 has 4 extracellular domains,of which the D1
 

domain contains 3 CDR-like regions .Competi-

tion analysis has identified the region with which
 

NMSO interacts.OKT4A,which recognizes the
 

CDR2-like region,competes strongly with NMSO.

CDR2 is a gp120-binding site,and OKT4A competes
 

with HIV to bind to CD4.These findings suggest
 

that the anti-HIV activity of NMSO depends on the
 

interaction of gp120 with CD4 receptors,especially the
 

D1 domain of CD4.

We next attempted to determine the stage at
 

which the HIV-1 replication cycle is blocked follow-

ing cell surface interaction between NMSO and the
 

CD4 receptor,because NMSO also inhibits the pro-

duction of progeny viruses from cells chronically in-

fected with HIV-1.To investigate the inhibitory

 

Fig.5.Inhibition of HIV-1 LTR-driven CAT gene
 

expression
 

H9 cells were cotransfected with HIV-1 LTR-
CAT and ptat by electroporation and treated with

 
NMSO.To examine the level of expression

 
after 48 hours,a CAT antigen capture assay was

 
performed.
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effect during chronic infection,we examined viral
 

expression in the presence of NMSO.The LTR-

driven CAT assay showed inhibition of viral transcrip-

tion.Benkirane et al.have reported that the mono-

clonal antibody 13B8-2,which is specific for the
 

CDR3-like region in domain 1 of CD4,inhibits HIV-1
 

provirus transcription,that the cytoplasmic tail of
 

CD4 is required for that inhibition,and that 13B8-2
 

inhibits the activation of mitogen-activated protein
 

kinase induced in HIV-infected cells.Therefore,

we believe that the mechanism of action of NMSO is
 

similar to that of 13B8-2 and that the inhibition of
 

HIV transcription corresponds to the inactivation of
 

signaling pathways participating in the regulation of
 

HIV progeny production.

The anti-HIV activity of NMSO we have de-

scribed suggests that NMSO may be useful for treat-

ing HIV infection in both the primary and chronic
 

periods.Moreover,a combination of chemotherapic
 

agents may enhance the efficacy and reduce the
 

cytotoxicity of individual compounds .Therefore,

NMSO,which induces translational arrest,might be
 

used in combination therapy with nucleoside ana-

logues,such as azidothymidine and dideoxyinosine

(ddI).

In the view of the selectivity of NMSO as an
 

inhibitor of HIV-1 replication in vitro,further evi-

dence for its potential use in therapy is needed.

Furthermore,examination of this NMSO’s effects on
 

the HIV replication cycle helps clarify the mechanism
 

of HIV multiplication.
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