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Summary 

Sulfated derivatives of paramylon, a water-insoluble (1-3)-fl-D-glucan from 
Euglena gracilis, significantly inhibited the cytopathic effect of human 
immunodeficiency virus (HIV-1, HIV-2) and the expression of HIV antigen 
in cultured MT-4, MOLT-4 cells and human peripheral blood mononuclear 
cells. Native paramylon, N,N-dimethylaminoethyl paramylon, N,N-diethyla- 
minoethyl paramylon, 2-hydroxy-3-trimethylammoniopropyl paramylon chlor- 
ide, and carboxymethyl paramylon had little or no anti-HIV activity. The anti- 
HIV activity of the sulfated paramylon derivatives depended on the number of 
sulfate groups, and the molecular weight. Paramylon sulfate significantly 
inhibited HIV-1 binding to MT-4 cells. The anti-coagulant activity of the 
sulfated paramylon derivatives also depended on the number of sulfate groups, 
but was generally lower than that of dextran sulfate. The results point to the 
potential of paramylon sulfate in the treatment of HIV infection. 

Correspondence to: H. Sakagami, First Department of Biochemistry, School of Medicine, Showa 
University, 1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142, Japan. 
Abbreviations." HIV, human immunodeficiency virus; PBMC, human peripheral blood mononuclear cells; 
DMAE, N,N-dimethylaminoethyl; DEAE, N,N-diethylaminoethyl; HAP, 2-hydroxy-3-trimethylammo- 
niopropyl; CM, carboxymethyl; SR, substitution ratio; CC50, 50% cytotoxic concentration; ECso, 50% 
effective concentration; SI, selectivity index. 
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Introduction 

Paramylon is a water-insoluble (1-3)-/%D-glucan (molecular weight: 122 kD) 
isolated from Euglena gracilis (Clark and Stone, 1960). The yield of paramylon 
from Euglena gracilis amounts to approximately 60-70% of the dried cells. 
However, industrial utilization of paramylon has been limited to the 
production of some cosmetic materials. We recently reported that paramylon 
modified with positively charged groups, such as N,N-dimethylaminoethyl 
(DMAE), N,N-diethylaminoethyl (DEAE) and 2-hydroxy-3-trimethylammo- 
niopropyl (HAP), induced potent antimicrobial activity in mice, whereas native 
paramylon and its derivatives with a negatively charged group did not 
(Sakagami et al., 1989, 1991). We report here that among these paramylon 
derivatives, only paramylon sulfate has anti-HIV activity, further confirming 
the importance of sulfate groups in the anti-HIV activity of polyanions (De 
Clercq, 1986; Ito et al., 1987; Ueno and Kuno, 1987; Nakashima et al., 1987b; 
Baba et al., 1988a; Mizumoto et al., 1988). We also examined paramylon 
sulfate samples of different sulfate content, and investigated the mode of action 
of the paramylon sulfate and its anti-coagulant activity. 

Materials and Methods 

Materials 
Paramylon was prepared from Euglena gracilis E-6 NIES 48), and modified 

with DMAE, DEAE, HAP or a sulfate group, as described previously 
(Sakagami et al., 1989). The molecular weight of paramylon, determined by 
Manner's method (Manner et al., 1971) and the GPC method, was 122 kD. The 
substitution ratio (SR) of the introduced groups was determined by the 
Kjeldahl method (Kjeldahl, 1983), the neutralization titration of free OH, or the 
sulfur content (with a Micro Colorometric Titrating System, DOHRMANN). 

Glucose (MW 180) was obtained from Merck, Darmstadt. Laminaribiose 
(MW 342), laminaritriose (MW 504), laminaritetraose (MW 667), laminar- 
ipentaose (MW 829), laminarihexaose (MW 991) and laminariheptaose (MW 
1153), prepared by hydrolysis of pachyman from Poria cocos (Whelan, 1962), 
were obtained from Seikagaku Kogyo (Tokyo). Laminarin (mean MW 5430) 
was obtained from Sigma (St. Louis, MO). Partially hydrolyzed products of 
paramylon, Eu-Oligo (I) (mean MW 606) and Eu-Oligo (II) (mean MW 1440), 
were prepared as described previously (Sakagami et al., 1992). These samples 
were sulfated as previously described (Sakagami et al., 1989), except that they 
were desalted by ACILYZER with MW 100 and 300 membrane (Asahi Chem. 
Ind., Tokyo). 



Curdlan (TAK) (87 kD), a water-insoluble (1-3)-fl-o-glucan, isolated from 
Alcaligenes faecalis var. myxogenes, IFO 13140 (Harada et al., 1968), was 
modified with a DMAE group, as described previously (Sakagami et al., 1989). 

The following reagents were obtained from the indicated companies: 
Dextran sulfate (8 kD) (Kowa, Tokyo);  Curdlan sulfate (300 kD) 
(Ajinomoto, Tokyo); Pentosan polysulfate (3.1 kD) (Sigma); RPMI 1640 
medium (Gibco, Grand Island, NY); fetal calf serum (FCS) (Whittaker 
Bioproduct, MD); Histopaque-1077 (Sigma); phytohemagglutinin (Sigma); 
recombinant human interleukin 2 (IL-2) (Shionogi, Osaka); (3-(4,5-dimethyl- 
thiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT) (Wako Pure Chemical, 
Osaka); fluorescein isothiocyanate (FITC)-conjugated rabbit anti-human IgG 
(Cappel Organon Teknika, West Chester, PA); p24 antigen assay kit (Abbott 
Lab. Chicago); poly (rA) : oligo(dT) 12 18 (rAdT) (Pharmacia Fine Chemicals, 
Uppsala); [methyl-3H]thymidine 5'-triphosphate (30 Ci/ml) (Amersham 

14 International plc); [ C]glucose (250-360 mCi/mmol) (NEN Research Pro- 
duct, Du Pont). 

Cell lines 
Human T lymphotropic virus type I (HTLV-1)-positive T cell line, MT-4, 

and lymphoblastoid T-cell line, MOLT-4 (clone no. 8) (Kikukawa et al., 1986) 
were subcultured twice a week at a concentration of 3 x 105/ml in RPMI 1640 
medium supplemented with 10% heat-inactivated FCS, penicillin (100 IU/ml) 
and streptomycin (100 ~g/ml). Human peripheral blood mononuclear cells 
(PBMC) from healthy donors were obtained by centrifugation through 
Histopaque-1077, stimulated with phytohemagglutinin for 3 days, and then 
cultured in RPMI 1640 medium containing 20% FCS, antibiotics and 5 ng/ml 
of IL-2. 

V#'us 
A strain of HIV-lrn~Lv_mB was prepared from the culture supernatant of 

MOLT-4/HTLV-IIIB cells which was persistently infected with HTLV-IIIB. A 
strain of HIV-1A012B (clinical isolate) was obtained from an HIV-1 infected 
patient (Larder et al., 1989). A strain of HIV-2ROD was prepared from the 
culture supernatant of HIVRoD-infected MT-4 cells. HIV stocks were titrated 
in MT-4 cells. The virus titers were determined as 50% tissue culture infectious 
doses or plaque forming units (Harada et al., 1985). 

For the RT experiments, HIV-l-infected TALL-1 cells were used as a source 
of HIV-1 (Mizumoto et al., 1988). 

Assay for cell fusion 
A cell-mixing syncytium-induction assay was used to evaluate the virus- 

induced cell fusion (Lifson et al., 1986). The HIV-infected cells were observed 
under a light microscope at x 200 magnification to determine the number of 
multinuclear giant cells (syncytia) formed. The extent of syncytium formation 
was evaluated, based on the following criteria. Wells with no multinucleated 



giant cells were scored negative ( - ) .  Wells with rare, but unequivocal 
multinucleated giant cells with more than four nuclei within a common cell 
membrane, were scored as 1. Wells with more frequent giant cells, but in which 
most of  the x 200 field did not contain giant cells was scored as 2. Wells that 
contained giant cells in most but not all of the x 200 field, were scored as 3, 
and wells that contained syncytia in all of the x 200 field were scored as 4. 

Inhibition of HIV cytopathicity 
Test samples of solution were added to CD-4 positive MT-4 cells (2.5 x 104/ 

well) infected with HTLV-IIIB (7 x 105 PFU/ml)  or HIV-2ROD (1 x 10 6 PFU/  
ml) at a multiplicity of  infection (MOI) of 0.01, in 96-well microtiter plates 
(Falcon 3071, Becton Dickinson, NJ). To test cytotoxicity, a sample of  the 
solution was added to MT-4 cells without infection. The wells were incubated 
in a CO2 incubator at 37°C for 5 days, and the number of  surviving cells was 
determined by the MTT method (Pauwels et al., 1988). The effect of  each 
sample was evaluated by the 50% effective virus-inhibitory concentration 
(ECs0), 50% cytotoxic concentration (CC5o), and selectivity index (SI = CC50/ 
ECso). 

Inhibition of expression of HIV-specific antigen 
A test sample solution (500 gl at various concentrations) was added to 500 ~ti 

of MT-4 cell suspension (3 x 105/ml) infected with HTLV-IIIB or HIV-2ROD 
at a MOI of 0.01 in each well, and incubated at 37°C for 5 days. The reaction 
mixture was then placed in a test tube and centrifuged. The precipitated cells 
were subjected to laser flow cytofluorographic analysis of  HIV-specific antigen 
(anti-HIV human polyclonal antibody for HTLV-IIIB and mouse monoclonal 
antibody for HIV-2ROD), as previously described (Nakashima et al., 1987a; 
Pauwels et al., 1987). The percentage of antigen-positive fluorescent cells (F- 
cells) was calculated as follows: 

(% of F-cells in test well) - (% of F-cells in mock MT-4) 
x 100 

(% of F-cells in HIV-infected MT-4) (% of F-cells in mock MT-4) 

The assay procedure for measuring the anti-HIV-1 activity of  the 
compounds in PBMC was based on the quantitative detection of HIV-1 p24 
antigen in the culture supernatant, as described previously (Nakashima et al., 
1992a). Phytohemagglutinin-stimulated P B M C  (10 6 cells/ml) were exposed to 
HTLV-IIIB at a MOI of  0.1. After virus adsorption for 1 h, the cells were 
extensively washed to remove unadsorbed virus particles, suspended in IL-2 (5 
ng/ml) containing RPMI  1640 medium,, and then cultured at 37°C in the 
presence of various concentrations of  the test compounds. On days 4 and 8 
after infection, the cells were subcultured with fresh cultured medium with the 
appropriate concentration of test compound at a ratio of 1:3. The amount of  
p24 antigen in the culture supernatant was determined with a sandwich 
enzyme-linked immunoadsorbent assay kit. 



Reverse transcriptase (RT) assay 
Extracellular HIV content was measured by RT activity, according to the 

method of Daniel (Daniel et al., 1985) with slight modification (Mizumoto et 
al., 1988). MOLT-4 cells were mixed with culture supernatant of  HIV-1- 
infected TALL-1 cells at a MOI of 0.01 in 2 ml of  RPMI 1640 medium and 
incubated for 2 h at room temperature. The cells were washed three times with 
culture medium, and further incubated for 6 days in 24 well culture plates 
(Nunc, InterMed) in the presence of  test samples. The virus in the culture 
supernatant was pelleted, and resuspended on ice in 10/A of dissociation buffer 
(10 mM Tris-HC1 (pH 7.8), 1% NP-40, 1 mM EDTA). To this was added 90/~1 
of  a buffer (40 mM Tris-HC1 (pH 7.8), 100 mM MgCI2, 45 mM KC1, 100 #g 
poly(rA): oligo(dT) 12-18 (rAdT)/ml, 4 mM dithiothreitol) and 2.5 /~1 
[methyl-3H]thymidine 5'-triphosphate (1 /~Ci/tube). After incubation at 37°C 
for 60 min, acid-insoluble radioactivity was determined by a liquid scintillation 
counter. 

Inhibition of HIV-binding to MT-4 cells 
As previously reported (Schols et al., 19892, MT-4 cells were exposed to 

HIV-1 stock (MOLT-4/HTLV-IIIB,  7 x 10" PFU/ml)  in the presence of 
various concentrations of  the test samples. After incubation at 37°C for 1 h, the 
cells were washed twice to remove unbound virus. The cells were then processed 
for indirect immunofluorescence using a human polyclonal anti-HIV-positive 
serum as the first antibody and an FITC-conjugated rabbit anti-human IgG as 
the second antibody. After immunofluorescence staining, the cells were washed 
twice with phosphate-buffered saline (PBS), resuspended in 0.37% parafor- 
maldehyde in PBS, and analyzed by laser flow cytometry (Schols et al., 1989). 
The binding inhibitory activity ratio (BI) was calculated as follows: 

BI : ( 1 -  % M F ( V S ) - %  M F ( C S ) )  x 100 
% M F ( V )  % M F ( C )  

where M F = m e a n  fluorescence; VS=HIV-infected cells treated with test 
sample; CS=con t ro l  cells (not exposed to HIV) treated with test sample; 
V = HIV-infected cells without test samples; C = control cells (not exposed to 
HIV and not treated with test sample). 

Assay jor anti-coagulation activity 
After blood was collected from normal human volunteers, it was distributed 

into 10-ml tubes. Samples dissolved in PBS were then added to achieve a 
concentration of 10 or 100/~g/ml. 10 rain later, the blood was spun down at 
2500 rpm for 15 min. The plasma was collected and placed into 10-ml tubes. It 
was subjected to prothrombin time (PT) assay by the Quick one step method, 
and to partial thromboplasmin time (PTT) assay by the inactivation method. 



Results 

HIV-1 HTLV-IIIB HIV-2 ROD 
120 

Anti-HIV activity of paramylon derivatives 
Paramylon sulfate [substitution ratio (SR): 12.6%] significantly inhibited the 

cytopathicity of HIV-1HTLVqIm in MT-4 cells (Fig. 1). This effect appeared at 
0.14 #g/ml and reached a maximum level at 3.7 #g/ml. Paramylon sulfate (SR: 
12.6%) also suppressed the cytopathic effect induced by HIV-2ROD infection 
(Fig. 1). Cationized paramylons such as DMAE-paramylon (SR: 3.7-6.3%), 
DEAE-paramylon (SR: 10%) and HAP-paramylon (SR: 4.3%) were inactive 
(Table 1). Light microscope observation revealed that paramylon sulfate 
inhibited syncytium formation at 10 100 #g/ml, reducing the score to 1, but the 
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Absorption of paramyhm sulfate in mice 
[14C]Paramylon sulfate was prepared from the Euglena gracilis (3 x 109/150 

ml), which had been cultured for 24 h with 2.5 mCi [14C]glucose in vitamin- 
enriched glucose/ammonium medium, and then sulfated so as to obtain 
S R -  14%. The final product showed a specific activity of 4.9 x 10 6 dpm/mg. 

Female ICR mice (Sankyo Labo. Service Co.) (25 g) were treated orally or 
intravenously with 0.5 mg (1.24 x 10 6 dpm) of [14C]paramylon sulfate. 

At the indicated times thereafter, 0.65 ml of heparinized blood was collected 
from the heart of anesthetized mice, mixed with 1.4 ml of 0.9% NaC1, and 
centrifuged at 2000 rpm for 5 rain. The pelleted cells were washed once with 2 
ml of 0.9% NaC1. The radioactivity of the combined supernatants was 
determined in a liquid scintillation counter. 
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Fig. 1. Inhibition of HIV-induced cytopathicity by sulfated paramylon (SR: 12.6%). Viability of HIV- 
infected treated MT-4 cells (black bars) and mock-infected treated MT-4 cells (open bars) was expressed as 
percent of mock-infected and untreated control cells. The number of HIV-1 antigen-positive cells (open 
circles), determined by indirect immunofluorescence and laser flow cytometry, was expressed as percent of 

virus-infected and untreated control cells. 



TABLE 1 

Inhibition of the cytopathicity of HIV-IttTLV_IIIB by sulfated paramylons 

Substance SR (%) MW (kD) CC50 ECso 

(pg/ml) (/~M) (pg/'ml) (pM) 

S1 

DMAE-paramylon  3.7 
5.0 
6.3 

DEAE-paramylon  10.0 
HAP-paramylon 4.3 
DMAE-curdlan  5.0 

Paramylon sulfate 

128 > 1000 >7.8  > 1000 >7.8  < 
130 > 1000 >7.7  > 1000 >7.7  < 
133 > 1000 >7.5  > 1000 >7.5  < 
145 392 2.7 > 1000 >6 .9  < 
137 996 7.3 > 1000 >7.3  < 
87 > 1000 > 11.5 > 1000 > 11.5 < 

0.07 122 > 1000 >8.2  > 1000 >8 .2  < 1 
0.08 123 > 1000 >8.1 > 1000 >8.1 < 1 
4.0 132 > 1000 >7 .6  50.1 0.38 >20  
4.1 132 > 1000 >7 .6  3.7 0.028 >274 
7.2 139 > 1000 >7 .2  4.0 0.029 >252 
8.7 143 > 1000 >7 .0  3.7 0.026 >273 
9.2 144 > 1000 >6 .9  3.5 0.024 >284 

12.6 151 > 1000 >6 .6  2.5 0.017 >407 
14.0 156 > 1000 >6 .4  1.8 0.012 >563 
15.6 159 >1000 >6.3 2.8 0.018 >356 

Eu-oligo (1) sulfate 226 > 300 < 1 
Eu-oligo (1I) sulfate 241 > 300 < 1 

Glucose sulfate 232 > 300 < 
Laminaribiose sulfate 180 > 300 < 
Laminaritriose sulfate 187 > 300 < 
Laminaritetraose sulfate 198 > 300 < 
Laminaripentaose sulfate 238 > 300 < 
Laminarihexaose sulfate 254 > 300 < 
Laminariheptaose sulfate 247 > 300 < 
Laminarin sulfate 240 > 300 < 

Dextran sulfate 8 > 1000 > 125 0.9 0.11 > 1130 
Curdlan sulfate 300 > 1000 >3.3 0.6 0.002 > 1748 
Pentosan polysulfate 3 > 1000 >333 1.2 0.39 >819 

Lower molecular weight substances, such as Eu-oligo (1, II), glucose and laminarioligosaccharides 
and laminarin were sulfated under the same conditions used to produce paramylon sulfate (SR: 
14.0%). 

other (inactive) derivatives did not (score: 3 4 )  (data not shown). Most 
paramylon derivatives, except for DEAE-paramylon (CC50:392 /~g/ml), 
showed little or no cytotoxicity (CC50 > 1000 #g/ml) (Table 1). 

Paramylon sulfate (SR: 12.6%) and dextran sulfate reduced the extracellular 
concentration of HIV-1, as monitored by RT activity. Their 50% effective 
concentration (ECs0) was 5 and < 1 pg/ml, respectively (Fig. 2). DMAE- 
paramylon, DEAE-paramylon and CM-paramylon (SR: 1.4%) were inactive at 
a concentration below 100 #g/ml (Fig. 2). 

The inhibitory activity of paramylon sulfate was dependent on the sulfate 
content. Anti-HIV activity of paramylon sulfate was significantly increased 
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Fig. 2. Effect of paramylon derivatives on extracellular RT activity. RT activity was determined in the 
supernatant of H1V-IHTLV_mB-infected Molt-4 cells, cultured in the presence of the indicated amounts of 
intact paramylon (V), paramyxlon sulfate (SR: 14%) (Q), DMAE-paramylon (SR: 5%) (A), CM- 

paramylon (SR: 1.4%) (D) or dextran sulfate (SR: 8%) (C)). Control RT activity was 12,386 cpm. 

when SR of the sulfate groups exceeded 4.0% (Table 1). The ECs0 values of the 
paramylon sulfates were 2.5 #g/ml (0.017 #M) for SR12.6%; 1.8 #g/ml (0.012 
#M) for SR14.0%; and 2.8 #g/ml (0.018 #M) for SR15.6%. The selectivity 
index (SI) of these compounds was > 407, > 563 and > 356, respectively. 
However, anti-HIV activity of paramylon sulfate was somewhat lower than 
that of dextran sulfate (SI > 1130), Curdlan sulfate (SI > 1748) or pentosan 
polysulfate (SI > 819) (Table 1). 

Sulfated derivatives of partially hydrolyzed paramylon, Eu-Oligo (I) (mean 
MW 606) and Eu-Oligo (II) (mean MW 1440), had no apparent anti-HIV 
activity (SI < 1), but had higher cytotoxicity (CC50:226 241 #g/ml). The 
sulfated derivatives of glucose (MW 180), laminarioligosaccharides (MW 342 
1153) and laminarin (mean MW 5430) were also inactive (SI < 1) (Table 1). 

Eflect on HIV antigen expression 
Fig. 1 shows that paramylon sulfate (SR: 12.6%) caused a concentration- 

dependent reduction of the expression of HIV-specific antigens in MT-4 cells. 
The 50% inhibitory concentrations for HIV-1 and HIV-2 were 2.2 and 2.9 #g/ 
ml, respectively. 

Paramylon sulfate samples (SR: 12.6%, 14.0%) also caused a concentration- 
dependent inhibition of HIV-IHTLV-mB p24 antigen expression in PBMC 
(ECs0:<0.32 #g/ml) (Fig. 3A) and of antigen expression of a clinical isolate 
(HIV-IA01ZB) in MT-4 cells (ECs0:0.1-1 #g/ml) (Fig. 3B). 

HIV-binding assay 
As shown in Fig. 4, paramylon sulfate (SR: 12.6%) caused a concentration- 
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Fig. 3. (A) Inhibition of the expression of HIV-1HTLV IIIB p24 antigen in PBMC by paramylon sulfate (SR: 
12.6%) and paramylon sulfate (14.0%). (B) Inhibition of antigen (Ag) expression of the clinical isolate 
HIV-IA012B in MT-4 cells by paramylon sulfate (SR: 12.6%) and paramylon sulfate (14.0%). Black 

columns, paramylon sulfate (SR: 12.6%); hatched columns, paramylon sulfate (SR: 14.0%). 

dependent inhibition of  HIV-1 binding to MT-4 cells. The 50% inhibitory 
concentration was 0.82 #g/ml. 

Anti-coagulant activity 
The PT and PTT were measured to assay the anti-coagulant activity of  ten 

paramylon sulfates (Table 2). The PT value of  the untreated blood was 8 12 s. 
Treatment of  the blood with any of  the 8 paramylon sulfates (SR: 0.07, 0.08, 
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Fig. 4. Inhibition of H1V-1 binding by paramylon sulfate. MT-4 cells were incubated with HIV-1 in the 
absence (control) or in the presence of the indicated concentrations of paramylon sulfate (SR: 12.6%). 
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TABLE 2 

Anti-coagulant activity of paramylon sulfates 

Treatment Conc. (/lg/ml) Time (sec) 

PT PTT 

Untreated (control) 
Paramylon sulfate (SR - 0.07%) 10 

100 

Paramylon sulfate (SR - 0.08%) 10 
100 

Paramylon sulfate (SR - 4.0% ) 10 
100 

Paramylon sulfate (SR - 4.1%) 10 
100 

Paramylon sulfate (SR 7.2%) 10 
100 

Paramylon sulfate (SR - 8.7%) 10 
100 

Paramylon sulfate (SR = 9.2%) 10 
100 

Paramylon sulfate(SR - 12.6%) 10 
100 

Paramylon sulfate (SR - 14.0%) 10 
100 

Paramylon sulfate (SR 15.6%) 10 
100 

Dextran sulfate (MW 8000; SR - 8%) 

8 12 38 60 
12.0 50 
11.4 49 

12.3 50 
11.6 43 

12.2 49 
11.7 49 

12.2 51 
11.7 47 

13.6 60 
19.4 300 

12.9 51 
13.1 159 

12.9 48 
12.9 98 

13.4 65 
18.2 300 

12.4 48 
11.7 43 

12.2 48 
11.6 41 

10 16.2 >300 
100 13.8 > 300 

4.0, 4.1, 8.7, 9.2, 14.0 o r  15.6%) (10-100  #g /ml)  did no t  s ignif icant ly  change  the 
con t ro l  PT  value  (11.6-13.1 s), bu t  t r e a t m e n t  with 2 o f  the p a r a m y l o n  sulfates 
(SR: 7.2 o r  12.6%) or  dex t r an  sulfate increased  the PT  values to  19.4, 18.2 and  
16.2 s, respectively.  

The  P T T  value o f  the un t r ea t ed  b lood  was  38 60 s. T r e a t m e n t  o f  the b lood  
with 6 o f  the p a r a m y l o n  sulfates (SR: 0.07, 0.08, 4.0, 4.1, 14.0 o r  15.6%) did no t  
s ignif icant ly  change  the P T T  value (41-51 s). A l t h o u g h  t r ea tmen t  with 4 o f  the 
p a r a m y l o n  sulfates (SR: 7.2, 8.7, 9.2 or  12.6%) increased the P T T  value  (48 
300 s), their  a n t i - c o a g u l a n t  act ivi ty  was  s ignif icant ly  lower  than  tha t  o f  dex t ran  
sulfate  ( P T T  value > 3 0 0  s) (Table  2). M o r e  specifically, p a r a m y l o n  sulfate 
samples  with SR  o f  14.0 and  15.6% had  a m a r k e d l y  reduced  a n t i - c o a g u l a n t  
act ivi ty  as c o m p a r e d  to  t ha t  o f  dex t r an  sulfate. 
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Discussion 

The present report revealed that sulfated paramylons, but not unsulfated 
paramylon nor other paramylon derivatives (DMAE, DEAE, HAP or CM), 
have potent activity against HIV-lnTLVmm, HIV-1AOl2B and HIV-2ROD in 
both MT-4 cells and PBMC. This points to the importance of the sulfate 
groups in the anti-HIV activity of these polymers. The anti-HIV activity of 
paramylon sulfates was found to depend on both molecular weight and sulfate 
content (Table 1), which confirms previous findings (Daniel et al., 1985; Itoh et 
al., 1990; Baba et al., 1990b; Witvrouw et al., 199l). 

We found that paramylon sulfate completely inhibited HIV-binding to cells, 
in a dose range effective for anti-HIV activity (Figs. 1 and 4). Thus, the anti- 
HIV activity of paramylon sulfate could be attributed, at least in part, to 
inhibition of HIV binding. This is consistent with previous reports on dextran 
sulfate (Baba et al., 1988b; Mitsuya et al., 1988; Schols et al., 1989; Nakashima 
et al., 1989), but quite different from the incomplete inhibition of HIV binding 
by polyphenolic compounds such as tannins (Nakashima et al., 1992b) and 
lignins (Manabe et al., 1992; Nakashima et al., 1992c). 

Sulfated polysaccharides are generally endowed with antithrombin activity 
(Baba et al., 1990a). Surprisingly, all 10 paramylon sulfates (SR: 0.07 15.6%) 
showed much lower anti-coagulant activity than dextran sulfate in terms of 
PTT (Table 2). These data were verified and found to be reproducible. 

Clinical reports have revealed the poor absorption (bioavailability, tissue 
distribution) of sulfated polysaccharide (Abrams et al., 1989; Lorentsen et al., 
1989). In fact, we found that only 0.1% of the radioactivity of orally 
administered [ImC]paramylon sulfate appeared in the plasma fraction 
(corresponding to 1.0 ml of blood) between 0.5 and 18 h after administration 
(Table 3). It is also apparent  that the intravenously administered 
[14C]paramylon sulfate rapidly disappeared from the plasma (Table 3). 
Roughly, about 8.8 #g of paramylon sulfate per ml blood was present in the 

TABLE 3 

Absorption of [t4C]paramylon sulfate in mice 

Time after administration (h) Radioactivity (dpm) in plasma (1 ml blood) 

Oral administration i.v. administration 

0.5 1268 ± 298 (0.10%) 21656 -I- 3154 (1.75%) 
1 659 ± 74 (0.05%) 1466 ± 373 (0.12%) 
3 1645 ± 71 (0.13%) 441 ± 59 (0.04%) 
8 1321 ± 37 (0.11%) 351 ± 3 (0.03%) 

18 660 _ 173 (0.05%) 279 ± 42 (0.02%) 

Female ICR mice were t rea tedwi th  0.5 mg (1.24 x 106 dpm) of [14C]paramylon sulfate by the 
indicated routes. At the indicated times thereafter, the radioactivity in the plasma fraction 
(corresponding to 0.65 ml of blood) was determined as described in Materials and Methods, and 
expressed as the value per 1 ml of blood, The number in parentheses is the ratio (%) of recovered 
radioactivity vs. initially administered radioactivity. Each value is mean ± S D .  from 2 3 mice. 
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plasma 30 rain after i.v. administration. Future studies on the effectiveness of 
sulfated polysaccharides in the treatment of HIV infection should be conducted 
with a parenteral rather than oral formulation, as has been suggested earlier 
(Lorentsen et al., 1989). 

It has been reported that sulfated polysaccharides and azidothymidine 
(AZT) synergistically inhibit HIV replication (Ueno and Kuno, 1987; Schols et 
al., 1991). Combination of paramylon sulfate and AZT might thus lead to a 
decrease of the ECs0 value of the individual compounds. 

The antiviral activity of paramylon sulfate is restricted to HIV. We 
previously reported that paramylon sulfate (10-100 /~g/ml) did not inhibit 
plaque formation of influenza virus (Harada et al., 1991) or herpes simplex 
virus (Fukuchi et al., 1989). The present results confirm the anti-HIV activity of 
sulfated polysaccharides prepared from other sources (Mizumoto et al., 1988; 
Itoh et al., 1990). Since these polysaccharides have been reported to show 
mitogenic activity (Sugawara et al., 1982, 1984), some immunopotentiating 
activity might be expected in vivo. We found that introduction of a sulfate 
group into paramylon significantly improved the water-solubility of para- 
mylon, which was originally highly insoluble in water. Furthermore, this 
polysaccharide can be obtained in large quantity from the cultured Euglena 
gracilis (Sakagami et al., 1989). Paramylon sulfate may seem to be a good 
candidate drug, to be pursued further for its potential in the treatment of HIV 
infections. 

Acknowledgements 

We thank Dr. A. Simpson for help with the manuscript. This study was 
supported in part by a Grant-in-Aid from the Ministry of Education, Science 
and Culture of Japan and the SHORAI Foundation for Science and 
Technology. 

References 

Abrams, D.I., Kuno, S., Wong, R., Jeffords, K., Nash, M., Molaghan, J.B., Gorter, R. and Ueno, 
R. (1989) Oral dextran sulfate (UA001) in the treatment of the acquired immunodeficiency 
syndrome (AIDS) and AIDS-related complex. Ann. Int. Med. I10, 183 188. 

Baba, M., De Clercq. E., Schols, D., Pauwels, R., Snoeck, R., Van Boeckel, C., Van Dedem, G., 
Kraaijeveld, N., Hobbelen, P., Ottenheijm, H. and Den Hollander, F. (1990a) Novel sulfated 
polysaccharides: Dissociation of anti-human immunodeficiency virus activity from antithrombin 
activity. J. Infect. Dis. 161, 208 213. 

Baba M., Nakajima, M., Schols, D., Pauwels, R, Balzarini, J. and De Clercq, E. (1988a) Pentosan 
polysulfate, a sulfated oligosaccharide, is a potent and selective anti-HIV agent in vitro. Antiviral 
Res. 9, 335-343. 

Baba, M., Pauwels, R., Ba|zarini, J., Arnout, J., Desmyter, J. and De Clercq, E. (1988b) Mechanism 
of inhibitory effect of dextran sulfate and heparin on replication of human immunodeficiency 
virus in vitro. Proc. Natl. Acad. Sci. USA 85, 6132 6136. 



13 

Baba, M., Schols, D., De Clercq, E., Pauwels, R., Nagy, M., Gy6rgyi-Edel6nyi, J., L6w, M. and 
G6r6g, S. (1990b) Novel sulfated polymers as highly potent and selective inhibitors of human 
immunodeficiency virus replication and giant cell formation. Antimicrob. Agents Chemother. 
34, 134 138. 

Clark, A.E. and Stone B.A. (1960) The structure of paramylon from Euglena gracilis. Biochim. 
Biophys. Acta 44, 161 163. 

Daniel, M.D., Letvin, N.L., King, N.W., Kannagk M., Sehgal, P.K. and Hunt. R.D. (1985) 
Isolation of T-cell tropic HTLV Ill-like retrovirus from Macaques. Science 228, 1201 1204. 

De Clercq, E. 0986) Chemotherapeutic approaches to the treatment of the acquired immune 
deficiency syndrome (AIDS). J. Med. Chem. 29, 1561 1569. 

Fukuchi, K., Sakagami, H., Ikeda, M., Kawazoe, Y., Oh-hara, T., Konno, K., Ichikawa, S., Hata, 
N., Kondo, H. and Nonoyama, M. Inhibition of herpes simplex virus infection by pine cone 
antitumor substances. (1989) Anticancer Res. 9, 313 318. 

Harada, S., Koyanagi, Y. and Yamamoto, N. (1985) Infection of HTLV-III/LAV in HTLV-I- 
carrying cell MT-2 and MT-4 and application in a plaque assay. Science 229, 563 566. 

Harada, T., Misaki, A. and Saito, H. (1968) Curdlan: A bacterial gel-forming fl-l,3-glucan. Arch. 
Biochem. Biophys. 124, 292 298. 

Harada, H., Sakagami, H., Nagata, K., Oh-hara, T., Kawazoe, Y., lshihama, A., Hata, N., Misawa, 
Y., Terada, H. and Konno, K. (1991) Possible involvement of lignin structure in anti-influenza 
virus activity. Antiviral Res. 15, 41 50. 

lto, M., Baba, M., Sato, A., Pauwels, R., De Clercq, E. and Shigeta, S. (1987) Inhibitory effect of 
dextran sulfate and heparin on the replication of human immunodeficiency virus (HIV) in vitro. 
Antiviral Res. 7, 361 367. 

Itoh, W., Sugawara, I., Kimura, S., Tabata, K., Hirata, A., Kojima, T., Mori, S. and Shimada, K. 
(1990) Immunopharmacological study of sulfated Schizophyllan (SPG). I. Its action as a 
mitogen and anti-HIV agent. Int. J. Immunopharm. 12, 225 233. 

Kikukawa, R., Koyanagi, Y., Harada, S., Kobayashi, N., Hatanaka, M. and Yamamoto, N. (1986) 
Differential susceptibility to the acquired immunodeficiency syndrome retrovirus in cloned cells 
of human leukemic T-cell line Molt-4. J. Virol. 57, 1159 1162. 

Kjeldahl, J. (1983) Neue methode zur bestimmung des stickstoffs in organischen korpern. Z. Anal. 
Chem. 22, 366~ 382. 

Larder, B.A., Darby, G. and Richman, D.D. (1989) HIV with reduced sensitivity to zidovudine 
(AZT) isolated during prolonged therapy. Science 243, 1731 1734. 

Lifson, J., Contre, S., Huang, E. and Engleman, E. (1986) Role of envelope glycoprotein 
carbohydrate in human immunodeficiency virus (HIV) infectivity and virus-induced cell fusion. 
J. Exp. Med. 164, 2101 2106. 

Lorentsen, K.J., Hendrix, C.W., Collins, J.M., Kornhauser, D.M., Petty, B.G., Klecker, R.W., 
Flexner, C., Eckel, R.H. and Lietman, P.S. (1989) Dextran sulfate is poorly absorbed after oral 
administration. Ann. Int. Med. 111, 561 566. 

Manabe, H., Sakagami, H., Ishizone, H., Kusano, H., Fujimaki, M., Wada, C., Komatsu, N., 
Nakashima, H., Murakami, T. and Yamamoto, N. (1992) Effects of Catuaba extracts on 
microbial and HIV infection. In Vivo 6, 161 166. 

Manners, D.R., Masson, A.J. and Strugeon, R.J. (1971)An enzymic method for the determination 
of the degree of polymerization of glucans. Carbohydrate Res. 17, 109 114. 

Mitsuya, H., Looney, D.J., Kuno, S., Ueno, R., Wong-Staal, F. and Broder, S. (1988) Dextran 
sulfate suppression of viruses in the HIV family: inhibition of virion binding to CD4 + cells. 
Science 240, 646 649. 

Mizumoto, K., Sugawara, 1., Itoh, W., Kodama, T., Hayami, M. and Mori, S. (1988) Sulfated 
homopolysaccharides with immunomodulating activities are more potent anti-HTLV-III agents 
than sulfated heteropolysaccharides. Jpn. J. Exp. Med. 58, 145 151. 

Nakashima, H., Kido, Y., Kobayashi, N., Motoki, Y., Neushul, M. and Yamamoto, N. (1987a) 
Purification and characterization of an avian myeloblastosis and human immunodeficiency virus 
reverse transcriptase inhibitor, sulfated polysaccharides from sea algae. Antimicrob. Agents 
Chemother. 31, 1524~1528. 



14 

Nakashima, H., Masuda, M., Murakami, T., Koyanagi, Y., Matsumoto, A., Fujii, N. and 
Yamamoto, N. (1992a) Anti-human immunodeficiency virus activity of a novel synthetic 
peptide, T22 ([Tyr-5,12, Lys-7] Polyphemusin II): a possible inhibitor of virus-cell fusion. 
Antimicrob. Agents Chemother. 36, 1249 1255. 

Nakashima, H., Murakami, T., Yamamoto, N., Sakagami, H., Tanuma, S., Hatano, T., Yoshida, T. 
and Okuda, T. (1992b) Inhibition of human immunodeficiency viral replication by tannins and 
related compounds. Antiviral Res. 18, 91 103. 

Nakashima, H., Murakami, T., Yamamoto, N., Naoe, T., Kawazoe, Y., Konno, K. and Sakagami, 
H. (1992c) Lignified materials as medicinal resources. V. Anti-HIV (human immunodeficiency 
virus) activity of synthetic lignins. Chem. Pharm. Bull. 40, 2102 2105. 

Nakashima, H., Yoshida, O., Baba, M., De Clercq, E. and Yamamoto, N. (1989) Anti-HIV activity 
of dextran sulphate as determined under different experimental conditions. Antiviral Res. 11, 
233 246. 

Nakashima, H., Yoshida, O., Tochikura, T.S., Yoshida, T., Mimura, T., Kido, Y., Motoki, Y., 
Kaneko, Y., Uryu, T. and Yamamoto, N. (1987b) Sulfation of polysaccharides generates potent 
and selective inhibitors of human immunodeficiency virus infection and replication in vitro. Jpn. 
J. Cancer Res. (Gann) 78, 1164 1168. 

Pauwels, R., Balzarini, J., Baba, M., Snoeck, R., Schols, D., Herdewijn, P., Desmyter, J. and De 
Clercq, E. (1988) Rapid and automated tetrazolium-based colorimetric assay for the detection of 
anti-HIV compounds. J. Virol. Methods 20, 309 321. 

Pauwels, R., De Clercq, E., Desmyter, J., Balzarini, J., Goubau, P., Herdewijn, P., Vanderhaeghe H. 
and Vandeputte, M. (1987) Sensitive and rapid assay on MT-4 cells for the detection of antiviral 
compounds against the AIDS virus. J. Virol. Methods 16, 171 185. 

Sakagami, H., Kikuchi, K., Takeda, M., Sato, T., lchikawa, S., Fujimaki, M., Wada, C. and 
Komatsu, N. (1991) Macrophage stimulation activity of antimicrobial N,N-dimethylaminoethyl 
paramylon. In Vivo 5, 101 106. 

Sakagami, H., Unten, S., Hanaoka, A., Ohsawa, N., Fujimaki, M., Komatsu, N., lchikawa, S., 
Hata, N., Kondo, H. and Konno, K. (1989) Chemical modification potentiates paramylon 
induction of antimicrobial activity. In Vivo 3, 243 248. 

Sakagami, H., Kuroiwa, Y., Takeda, M., Ota, H., Kazama, K., Naoe, T., Kawazoe, Y., lchikawa, 
S., Kondo, H., Yokokura, T. and Shikita, M. (1992) Distribution of TNF endogenously induced 
by various immunopotentiators and Lactobacillus casei in mice. In Vivo 6, 247 254. 

Schols, D., Baba, M., Pauwels, R. and De Clercq, E. (1989) Flow cytometric method to demonstrate 
whether anti-HIV-I agents inhibit virion binding to T4 + cells. J. Acquit. Immun. Defic. Syndr. 
2, 10 15. 

Schols, D., De Clercq, E., Witvrouw, M., Nakashima, H., Snoeck, R., Pauwels, R., Van Schepdael, 
A. and Claes, P. (1991) Sulphated cyclodextrins are potent anti-HIV agents acting synergistically 
with 2',3'-dideoxynucleoside analogues. Antiviral Chem. Chemother. 2, 45 53. 

Sugawara, 1., Ishizaka, S. and Moller, G. (1982) Carrageenans, highly sulfated polysaccharides and 
macrophage-toxic agents: Newly found human T lymphocyte mitogens. Immunobiology 163, 
527-538. 

Sugawara, I. and Ishizaka, S. (1984) Polysaccharides with sulfate groups are human T cell mitogens 
and murine polyclonal B cell activators (PBAs). II. Cellulose sulfate and dextran sulfate with two 
different lower molecular weights. Microbiol. lmmun. 28, 831 839. 

Ueno, R. and Kuno, S. (1987) Dextran sulphate, a potent anti-HIV agent in vitro having synergism 
with zidovudine. Lancet i, 1379. 

Whelan, W.J. (1962) Laminaridextrins. Isolation from pachyman. Methods Carbohydrate Chem. 1, 
330-333. 

Witvrouw, M., Schols, D., Andrei, G., Snoeck, R., Hosoya, M., Pauwels, R., Balzarini, J. and De 
Clercq, E. (1991) Antiviral activity of low-MW dextran sulphate (derived from dextran MW 
1000) compared to dextran sulphate samples of higher MW. Antiviral Chem. Chemother. 2, 
171-179. 


