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Summary 

Several sulfated oligo- or polysaccharides such as pentosan polysulfate, fucoi- 
dan, dextran sulfate, heparin and ~-, K- and h-carrageenans proved to be potent 
and selective inhibitors of human immunodeficiency virus type 1 (HIV-1) in vitro. 
The most potent anti-HIV-1 activity was recorded for the oligosaccharide pento- 
san polysulfate, its 50% antiviral effective dose (ED50) being 0.19 txg/ml in MT-4 
cells. It inhibited HIV-1 antigen expression in HUT-78 cells at an EDs0 of 0.02 
ixg/ml, and complete inhibition of HIV-1 antigen expression was obtained at a 
concentration of 4.0 I~g/ml. No toxicity for MT-4 cells was observed with pentosan 
polysulfate at a concentration of 2500 txg/ml. The anticoagulant activity of pen- 
tosan polysulfate was more than ten-fold lower than that of heparin (14.4 and 177 
U/mg, respectively). In fact, pentosan polysulfate achieved its anti-HIV-1 activity 
at a concentration that is 370-fold below its anticoagulant threshold (1 U). Pen- 
tosan polysulfate inhibits virus adsorption to the cells, as was demonstrated by 
monitoring the association of radiolabeled HIV-1 virions with MT-4 cells. 
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Introduction 

There are a number of compounds that show inhibitory activity in vitro against 
human immunodeficiency virus type 1 (HIV-1), the causative agent of acquired 
immunodeficiency syndrome (AIDS) (De Clercq, 1976). 3'-Azido-2',3'-dideoxy- 
thymidine (azidothymidine) (Mitsuya et al., 1985) is the first drug that has been 
approved for clinical use in patients suffering from AIDS or AIDS-related com- 
plex (ARC). Since the antiviral effect of azidothymidine and related compounds 
(i.e., 2',3'-dideoxynucleosides) (Mitsuya and Broder, 1986), is based upon the in- 
hibition of the retrovirus-encoded reverse transcriptase (RT) following phospho- 
rylation of the compounds by cellular enzymes to the corresponding 5'-triphos- 
phates (Furman et al., 1986), toxicity for the host, caused by the compounds' 
metabolites (Cooney et al., 1986), seems to be an inevitable drawback associated 
with the long-term use of these drugs (Richman et al., 1987; Yarchoan et al., 1988). 
It is mandatory, therefore, to search for more potent and less toxic compounds 
and preferably compounds other than nucleoside analogues. We have now ex- 
plored the inhibitory effect of various polysaccharides on HIV-1 replication in vi- 
tro, their anticoagulant activity and the mechanism of anti-HlV-1 action of the 
compounds. 

Materials and Methods 

Cells 
MT-4, a T4 lymphocyte cell line carrying HTLV-I (Harada et al., 1985), and 

HUT-78, a T4 lymphocyte cell line, not carrying HTLV-I (Levy et al., 1984), were 
used for the anti-HIV-1 assay. The cells were mycoplasma negative. The cell lines 
were grown and maintained in RPMI 1640 medium supplemented with 10% heat- 
inactivated fetal calf serum, 100 IU/ml penicillin G and 20 ixg/ml gentamicin (cul- 
ture medium). 

Viruses 
HIV-1 was obtained from the culture supernatant of a HUT-78 cell line per- 

sistently infected with HTLV-III~ (HUT-78/HTLV-IIIB). The titer of the virus stock 
was 2 x 105 50% cell culture infective dose (CCID50) per ml. 

Radiolabeled HIV-1 particles were obtained from the supernatant of HUT- 
78/HTLV-III B cultures. Briefly, HUT-78/HTLV-III B cells were cultured with 1 mCi 
[5-3H]Urd (30 Ci/mmol, Amersham, Great Britain). After 3 days, the supernatant 
was collected, centrifuged at low speed and then ultracentrifuged at 100000 × g 
for 2 h. Pellets were resuspended in culture medium, and the HIV-1 particles were 
further purified by isopycnic ultracentrifugation on a 15-60% sucrose gradient. Ra- 
dioactivity and virus titer of the final preparation were 1.1 x 10 6 cpm/ml and 1 x 
10 v CCIDs0/ml, respectively. 
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Compounds 
Pentosan polysulfate, Fucoidan, dextran sulfate - approximate molecular weight 

(MW): 5000 - dextran (MW 90000) and ~-, K- and h-carrageenans were purchased 
from Sigma Chemical Co., St. Louis, MO. Sodium heparin (MW 15 000) and der- 
matan sulfate were kindly provided by Dr. Godtfredsen, Leo Pharmaceutical 
Products Ltd., Ballerup, Denmark. Chondroitin sulfate was obtained from Or- 
ganon, Oss, The Netherlands, and N-desulfated heparin (MW 8800) was described 
previously (Irimura et al., 1986). 

Antiviral assay 
The procedure for measuring anti-HIV-1 activity in MT-4 cells has been de- 

scribed previously (Pauwels et al., 1987). Briefly, MT-4 cells (input cell number: 
3 × 104 cells/well) were cultured in microtray wells in the presence of various con- 
centrations of the test compounds added immediately after infection with 100 
CCIDs0 of HIV-1 (CCIDs0 being the 50% cell culture infective dose). After 5 days 
incubation at 37°C, the number of viable ceils was determined by the 3'-(4,5-di- 
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method, which is based 
on the conversion of a yellow tetrazolium dye by living cells to a blue formazan 
product (Pauwels et al., 1988). Antiviral activity and cytotoxicity of the test com- 
pounds are expressed as EDs0 and CDs0, which correspond to the doses required 
to reduce the number of viable cells in the virus- and mock-infected cell cultures 
by 50%, respectively. 

Anti-HIV-1 activity of the compounds was also determined by monitoring viral 
antigen expression in HUT-78 cells. HUT-78 cells were infected with HIV-1 at a 
multiplicity of infection of 0.4, and immediately thereafter varying concentrations 
of the test compounds were added. Every 4 days, three quarters of the culture me- 
dium were replenished. At day 12, viral antigen expression was measured, using 
indirect immunofluorescence (with polyclonal antibody as probe) and laser flow 
cytofluorography (FACSTAR ®, Becton Dickinson), as previously described (Pau- 
wels et al., 1987). 

Anticoagulant test 
Anticoagulant activity of the compounds was measured according to the clotting 

procedure for the quantitative determination of heparin in plasma (Sigma Tech- 
nical Bulletin No. 870, Sigma Chemical Co.) and is expressed in international units. 

Reverse transcriptase assay 
HIV-1 reverse transcriptase (RT) was obtained from the disrupted virions which 

had been partially purified by centrifugation of the supernatant of HUT-78/HTLV- 
IIIB, followed by filtration (0.45 Ix) and ultracentrifugation. The inhibitory effect 
of the compounds on HIV-1-RT was determined with poly(rA).oligo(dT) (0.01 
ODz60) as the template-primer, as previously described (Nakashima et al., 1987). 

Virus adsorption assay 
Two million MT-4 cells were suspended in medium (final volume: 500 IXl) con- 
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taining 25 ixg/ml pen tosan  polysulfate,  fucoidan or  no compound .  Ten  microlitre 
of  the virus suspension was added,  and the samples were incubated at 37°C for 0, 
30, 60 or 120 min, upon  which the cells were collected and washed three times with 
phospha te -buf fe red  saline so as to r emove  unadsorbed  virus particles. Cell-asso- 
ciated acid-insoluble material was analyzed for radioactivity after precipitation with 
5% tr ichloroacet ic  acid. 

Results 

W h e n  these c o m p o u n d s  were  evaluated  for their inhibitory effects on the cy- 
topathogenic i ty  of  HIV-1  in MT-4  cells, several sulfated oligo- and polysacchar-  
ides were  found  to be po ten t  and selective inhibitors of HIV-1  replication; viz. 
pen tosan  polysulfate ,  fucoidan,  dextran  sulfate, hepar in  and ~-, K- and h-carra- 
geenans (Table 1). In contrast, chondroitin sulfate was only slightly active, whereas 
dextran, N-desulfated heparin and dermatan sulfate were totally inactive. The most 
po ten t  an t i -HIV-1 activity was recorded  for pen tosan  polysulfate,  its 50% antiviral 
effective dose (EDs0) being as low as 0.19 txg/ml. Dext ran  sulfate, h-carrageenan 
and heparin also inhibited HIV-1 replication at very low concentrations, their EDs0 
being 0.30, 0.54 and 0.58 txg/ml, respectively.  Fucoidan  and K-carrageenan were 
10-fold less active than  pen tosan  polysulfate.  Except  for fucoidan,  the compounds  
did not  show any in vitro toxicity for the host  MT-4  cells at the highest concen-  
t rat ion assayed (2500 txg/ml for  pen tosan  polysulfate,  dextran sulfate and heparin;  
625 ixg/ml for  the t-, K- and k-carrageenans) .  For  fucoidan,  its 50% cytotoxic dose 
(CDs0) was about  1000 Ixg/ml. 

W h e n  pen tosan  polysulfate  and fucoidan were fur ther  evaluated for their inhib- 

TABLE 1 

Anti-HIV-1 activity and anticoagulant activity of polysaccharides 

Compound EDs0 a CD50 ~' Anticoagulant 
(~g/ml) (txg/ml) activity (U/mg) 

Pentosan polysulfate (MW 3100) 0.19 -+ 0.12 > 2500 14.4 
Fucoidan 1.4 -+ 0.43 1060 +- 210 2.6 
Dextran sulfate (MW 5000) 0.30 + 0.10 > 2500 14.7 
Dextran (MW 90000) > 625 > 2500 < 0.01 
Heparin (MW 11000) 0.58 --- 0.14 > 2500 177 
N-desulfated heparin (MW 8800) > 625 > 2500 0.6 
Dermatan sulfate > 625 > 2500 < 0.01 
Chondroitin sulfate 230 -4- 14 > 2500 0.5 
~-Carrageenan 12 -+ 1.0 > 625 3.2 
K-Carrageenan 2.5 +- 0.30 > 625 2.9 
k-Carrageenan 0.54 +- 0.02 > 625 4.2 

50% Antiviral effective dose, based on the inhibition of HIV-1 induced cytopathogenicity in MT-4 
cells. Data represent mean values with standard deviations for three separate experiments. 
b 50% Cytotoxic dose, based on the reduction of the viability of mock-infected MT-4 cells. Data rep- 
resent mean values with standard deviations for three separate experiments. 
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Fig. ]. Inhibitory effect of pentosan polysulfate (panel A)  and fucoidan (panel B) on HIM-l-induced 
cytopatbogenicity in MT-4 cells and HIM- !  antigen expression in HUT-78  cells. Viability of virus-in- 
fected (m) and mock-infected (a) MT-4 cells was measured by the M T T  method (see Materials and 
Methods) at day 5 after infection. The number of viable cells was expressed as percent of mock-in- 
fected untreated control cells. H IV-1  antigen-positive HUT-78 cells were detected by indirect immu- 
nofluorescence and laser flow cytofluorography, using polyclonal antibody as probe. The number of 
HIV- ]  antigen-positive cells (o o) was expressed as percent of virus-infected untreated control cells. 

itory effect on HIV-1 antigen expression in HUT-78 cells, pentosan polysulfate and 
fucoidan achieved a greater than 50% reduction in the number of antigen positive 
cells at a concentration of 0.032 Ixg/ml and 0.16 ixg/ml, respectively (Fig. 1). Nei- 
ther pentosan polysulfate nor fucoidan affected growth or viability of HUT-78 cells 
at a concentration up to 100 ~xg/ml (the highest concentration used in the indirect 
immunofluorescence assays) (data not shown). 

Since sulfated polysaccharides are known to interfere with the blood coagula- 
tion process, it was very important to compare their anticoagulant activities with 
their anti-HIV-1 effects in view of their potential clinical applicability in AIDS pa- 
tients. As shown in Table 1, anticoagulant activity was detected for all compounds 
found active against HIV-1. The highest anticoagulant activity was achieved by 
heparin (177 U/mg). The anticoagulant effects of the other sulfated polysacchar- 
ides were more than 10 times lower that that of heparin. When the EDs0 values 
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for anti-HIV-1 activity in MT-4 cells (Table 1) were converted from p,g/ml to U/ml, 
the following values were obtained: pentosan polysulfate, 2.7 x 10 -3 U/ml; fu- 
coidan, 3.6 x 10 -3 U/ml; t-carrageenan, 3.8 x 10 -2 U/ml; K-carrageenan, 7.3 x 
10 -3 U/ml; h-carrageenan, 2.3 × 10 -3 U/ml; dextran sulfate, 4.4 x 10 -3 U/ml; 
heparin, 1.0 x 10 -1 U/ml. Thus, except for heparin and ~-carrageenan, all com- 
pounds are active against HIV-1 at concentrations that are more than 100-fold lower 
than the anticoagulant threshold (1 U). In this respect, pentosan polysulfate and 
h-carrageenan show the highest selectivity index (370 and 430, respectively). 

Sulfated polysaccharides have been reported to inhibit retrovirus-associated re- 
verse transcriptase (RT) activity (Nakashima et al., 1987; Sydow and Kr6cking, 
1987). Therefore, pentosan polysulfate, fucoidan, dextran sulfate, heparin and 
dextran were evaluated for their inhibitory effect on HIV-1 RT. The 50% inhib- 
itory doses (IDs0) of pentosan polysulfate, fucoidan, dextran sulfate and heparin 
were 19.1, 29.5, 32.9 and 410 ixg/ml, respectively. The IDs0 of dextran was > 1000 
~g/ml. The corresponding IDs0 value found for suramin, a well-known inhibitor of 
reverse transcriptase (De Clercq, 1979), was 17.8 Ixg/ml. Whereas for suramin the 
minimum concentration required to block HIV-1 replication coincides with its IDs0 
for HIV-1 RT (De Clercq, 1987a), the concentrations of the sulfated polysacchar- 
ides that are needed to inhibit HIV-1 RT were considerably higher than those re- 
quired for inhibition of HIV-1 replication in cell culture (Table 1, Fig. 1). Fur- 
thermore, the inhibitory effect of the sulfated polysaccharides, but not that of 
suramin, on HIV-1 RT, were annihilated if serum bovine albumin (25 jxg/ml) was 
added to the reaction mixture (data not shown). 

Previous studies have suggested that anionic polysaccharides may interfere with 

C~ 

ro 

O 

t~ 

15 

0 b I I 
30 60 120 

Incubaf ion  f i rne ( ra in}  

Fig. 2. Effect of pentosan polysulfate and fucoidan on the adsorption of radiolabeled HIV- ]  particles 
to MT-4 cells. Suspensions of MT-4 cells with the test compounds - 25 Ixg/ml pentosan polysulfate (&), 
fucoidan (x) or no compound (o) - and [5-3H]uridine-labeled purified HIV-1 particles were prepared. 
The samples were incubated at 37°C for 0, 30, 60 or 120 min, upon which the cells were collected and 
washed three times with phosphate-buffered saline to remove unadsorbed virus particles. Cell-associ- 
ated acid-insoluble material was analyzed for radioactivity after precipitation with 5% trichloroacetic 

acid. Radioactivity background (in the absence of radiolabeled virus) was less than 30 cpm. 
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virus adsorption to the host cells (De Somer et al., 1968). To determine whether 
the sulfated oligo- and polysaccharides may owe their anti-HIV-1 activity to such 
a mode of action, we examined the effects of pentosan polysulfate and fucoidan 
on the HIV-1 adsorption process, using radiolabeled purified HIV-1 particles. When 
[5-3H]uridine-labeled virus (11 000 cpm) was incubated with a MT-4 cell suspen- 
sion in the absence of the test compounds, cell associated radioactivity increased 
with the incubation time (Fig. 2). In contrast, when pentosan polysulfate or fu- 
coidan had been added to the cell suspension at a concentration of 25 Ixg/ml - a 
concentration that was slightly higher than that required for complete protection 
of MT-4 cells against HIV-1 cytopathogenicity (Fig. 1), - only a very small in- 
crease in cell-associated radioactivity was observed (Fig. 2). These results indicate 
that pentosan polysulfate and fucoidan prevented the adsorption of HIV-1 to MT- 
4 cells. This conclusion was confirmed using indirect immunofluorescence and laser 
flow cytofluorographic (FACSTAR ®) analysis of MT-4 cells which had been ex- 
posed to HIV-1 virions in the presence or absence of the compounds: the sulfated 
oligo(poly)saccharides completely blocked virus attachment to the cells (data not 
shown). 

Discussion 

Virus adsorption has been proposed as a possible target, and polyanionic sub- 
stances as a possible approach, in the search for chemotherapeutic agents against 
AIDS (De Clercq, 1986). That polyanionic substances may have considerable po- 
tential as anti-HIV-1 agents is supported by the finding of Ito et al. (1987) and Ueno 
and Kuno (1987), who showed that dextran sulfate and heparin inhibited HIV-1 
replication in vitro at non-toxic concentrations. A major problem that should be 
addressed if these compounds are to be used in AIDS patients is their anticoag- 
ulant activity. The results presented here clearly indicate that several sulfated 
oligo(poly)saccharides are active against HIV-1 at a concentration which is con- 
siderably lower than that which interferes with blood coagulation. In this respect, 
pentosan polysulfate is superior to heparin and other sulfated polysaccharides in 
that it combines potent anti-HIV-1 activity with weak anticoagulant activity (Table 
1). Moreover, the mean molecular weight of pentosan polysulfate is approxi- 
mately 3 100, as determined by high speed permeation chromatography (Nakajima 
et al., 1984), and this molecular weight is only twice that of suramin (MW 1429.2). 
Suramin can be taken up by the cells and presumably acts intracellularly as a RT 
inhibitor (De Clercq, 1979, 1987a). Like suramin (De Clercq, 1979), pentosan po- 
lysulfate also behaves as a competitive inhibitor for the template-primer in the re- 
verse transcriptase reaction (data not shown). To be active as a RT inhibitor pen- 
tosan polysulfate needs to be taken up by the cells, and whether this actually occurs 
remains subject of further study. In the abeyance of such data in view of the marked 
inhibition of virus-cell attachment observed in the presence of pentosan polysul- 
fate, it seems logical to attribute its anti-HIV-1 activity to an inhibitory effect on 
the virus adsorption process. 
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In  view of  the  sever i ty  of  the  A I D S  p r o b l e m  and the  re la t ive ly  ser ious  toxic i ty  
shown by  the  c o m p o u n d s  ( a z i d o t h y m i d i n e ,  d ideoxycy t id ine )  used  so far  in the  
t r e a t m e n t  of  A I D S  ( R i c h m a n  et  al . ,  1987; Y a r c h o a n  et al . ,  1988), o the r  thera-  
peu t i c  moda l i t i e s  shou ld  be  u rgen t ly  pu r sued ,  and  in this r espec t  p e n t o s a n  poly-  
sulfate meri ts ,  because  of  its highly po ten t  and selective activity against HIV-1,  due 
cons ide ra t ion .  
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