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A Natural Sulfated Polysacchande, Calcium Spirulan, Isolated
from Spirulina platensis: In Vitro and ex Vivo Evaluation of
Anti-Herpes Simplex Virus and Anti-Human
Immunodeficiency Virus Activities

KYOKO HAYASHL' TOSHIMITSU HAYASHIL? and ICHIRO KOJIMA?

ABSTRACT

A sulfated polysaccharide named calcium spirulan (Ca-SP) has been isolated from a sea alga, Spirulina platen-
5is, as an antiviral component. The anti-human immunodeficiency virus type 1 (41V-1) and anti-herpes sim-
plex virus type 1 (HSV-1) netivitics of Ca-SP were compared with those of dextran sulfate (DS) as o repre-
sentative sulfated polysaccharide. Antl-HIV-1 activities of these agents were measured by three different

assays: viability of acutely infected CD4-puositive cells,

or a cytopathology assay: determinalion of H1V-1 pl4

sntipen released into culture supernatants; ond inhibition of HIV.induced syncytium formation. Anti-HSV-.1
activity was asscased hy plaque yield reduction. In addition, their effects on the blood coagulation processes
and stability in the blood were evaluated. These data indicate that Ca-SP is o potent antiviral agent against
both HIV-1 and H5V-1. Furthermorg, Ca-SP is quite promising as on anti-HIV agent because even at low
concentrations of Ca-SP an enhancement af virus-induced syncytivm formation was not observed, as was ob-
served in DS-lreated cultures, Ca-SP had very low anticoagulont activity, and showed a much longer balf-life
in the blood of mice when compured with that of D5. Thus, Ca-5P can be a candidate apent for an anti-HIY
therapeutic drug that might overcome the disndvantages observed in many suifated polysnecharides. When
the role of ehelation of calcivn ion with sulfate groups was examined by respoving calcium ar ils replacement
by sodium, the presence of enlcium ion in the molecule was shown to be essential for the duse-dependent in-
hibition of cytopathic effect and gvncytivm formation induced by HIV-1. :

INTRODUCTION

Sm_r,\‘fﬂ,u POLYSACCTIARIDES, such as dexiran sulfure (DS)
and hepurin, have proved w be polent inhibilors of humun
immunodeficiency virus type | (HIV-1) in vitrn.' -1 As to their
mechanism of action, these ngents have been shown 1o inhibir
the binding of the virions 1o CD4 molecules on targe! celis?&-8
und vinus-induced syncytium formation.*¥-!® However, their <f-
Veriivgness i0 vnw had aot been esiablished s yet bechuse of
their poor absorbubility, shon half-life ime in the hody. and
unfavarable anlicoapulint uctivity in blaod '~

We have reported that the waler-soluble extract of Spirulina
plarengis, a blug-green alpy, gxhibited an inhibitary effect

against herpes simplex virus iype 1 (HSV-1) replicution. ' From
the eximct, we have isolated u new sulfuted polysaccharide.
nomed calcium spirulan (Cu-SP), a3 an antiviral component,'®
Ca.SP way found 10 be netive against nat anly H5V-1 but alse
HIV-}. To acquirc clues that may lead 10 the development of
relnted anti-HIV companents that are morc likely 1o be active
in vive, we campared the antivirul activity of Cn-SP with that
of DS, Through in vitro and e vive experiments, this nawurul
campound wus shown (0 be superior 10 DS or oiher sulfaed
polysncchitrides as 8 therapeutic ugemt for AIDS. Funthermore,
the imponance of retention of molecular conformition by chela-
tion of calcivm ion with sul{ate groups was also investignied in
the contear af antiviral activities,
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ANTIVIRAL ACTIVITY OF CALCIUM SPIRULAN

Anri-HSV-1 weriviry

“The method 1or anti-HS V-1 pssay has been desuribed pruvi-
pusly.®? HeLa ccll menolayers were infecied with virus ut an
MO! of 0.2 for | he at room temperaiufe and refed with main-
enance medivm (MEM plus 2% FBS). In the time-ol-uddirion
experimenis, Heba cells were infected with HSV-1 at an MOl
ol 100, and trezed with Ca-SP at the times indivated. Virus yields
were determined by plague agsuy ar 1-doy incubatinn,

Andepagulonn acrivity

Alter blood was collected from a normul subject, it was spun
down m 3000 rpm for |5 min. The plusma was callected and
distributed inte 10-ml bes, Drugs disyolved inthe plusma were
then added 10 aehicve i concentration ol 50, 100, or 200 pn/ml.
The samples were subjecied to prothrombin time (PT) ussoy
and 16 activisied partial thrombeplasmin lime (APTT) ussay by
using 1wo coagulation reageats, Sysmex PT (I and Sysmex
APTT 1 (TOA Medical Electronics, Kobe, Jopun) and met-
suring with a CA-5000 uutomatic coagulation timer (TOA
Medical Elccironics).

Quumtification of Cu-SP in animal serum gnd ex vivo
antiviral assay

Eemule dd¥ mice (6 weeks, 16.7 = 0.57 g) obiained from
Sankyd Labo Service Co. (Shizunka, Jupan) were given 4 m3
af Ca-5P or DY intravenously, The hload simples were wken
individually from earotid vein under eiher anesthesil a2 min,
30 puin, ¥ he, 2 hr, 4 b, B hr,oand 24 healter injection, To mea-
cure the unounts of Ca-SP in [hese samples, un aliquot {0.1 ml}
of the serum was dilined with F=0 (0.8 miY und 100% (wiv)
wrichloroncetic acid (0.1 m!) wid vdded. Aller centrifugition,
the superanlant was dialyzed against Ha0 by using seumicss
cellulose whing (small size 18, Wiko Pure Chemical industries,
L1d.. Osoka, Jupun). The nondialyzable pur wis lyaphylized o
pive 1 coloriess residue, The rexidue was dissolved in 0. ml
of HaQ and 5 pl of cach sumple was used for HPLC analysis,
using 3 YMC Pack Diol-MH) calumn (500 x R.Omm 1.D,), H-0
ws mohite phase, and o Now rate of 1 mi/min ambient 1em-
perature,

For the evalvution of antiviml activitles, on aliquot (0.8 mi)
of thee xerum wasg seriully diluted with FAS-Iree medium, und
added (o he medium at the 1ime of virus infeetion and through-
out the incubativn. Anti-HIV und -HSV uclivities were asgensed
under in vifre conditions by A cytopathology ussay or plaque
yield reduction asxay. respectively.

RESULTS

Antiviral acrivity of Ca-SP in in vitro experiments

Culciuim spirulan and DS were examined for their inhibilory
elteets an tiwe replication of THV 1 and 1I5V-) (Table ). When
antl-FIIV -1 activily was assesscd using o p24 untigen assuy, the
concentratinn of Cu-SP or D5 required for 50% inhihition (ICqy)
was 9.3 and 9.6 pp/mi, respeetively, under the conditions in
which the drug was added after iafeetion. I a cytopaihology
pssuy, siilar results were abwined as in the p2d anbigen iis-
say: the [Cyp values for Cu-5P and DS were 7.2 und R wpfind,
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respectively (dala not shown), The activily was tive- or lour-
fold hiphier in the culres irented during infection with Ca-5P
or DS, respectively, when compitred with thay in the cultures
tesucedt with drug after infection, As the cytoloxicity of Ca-SP
was similar fo thot of DS, the resulting seleclivity Indices
{CCs/IC ) for the (wo drugs showed no significant diiference,

When anti-HSV-1 aclivity was cvilusted in the culures
wealed with drug after infection, the selectivily index for
Ca-5P was 24-fold higher than ihm for DS {p < 0.005 by
Student's £ test). In the cultures treated with drug during infue-
tian, however, there wos no signitficant differsnce in antiviral
cffeol between Ca-SP ond DS. The inhibltory effects of hoth
drugs on HSV-) rcplication were murkedly poientiated by
adding i the time af infection,

,These results suggest that Cu-8P may inlerfere with i very
eurly swge of viral replication such as virus binding und pene-
iration. To delineare the drug-sensitive phase, lime-of-addition
experiments were carricd out with Hela cells infccted at a high
MO of 10 (Table 2), The compound suppressed HSV-! repli-
cution efficiently when it was present during infection, while
no or reduced effect was scen when it wug absent duning in-
fection,

Effect of Ca-5P on HIV-induced syneytium farmaiion

Tu usscss the pessible inhibitory eifect of Ca-SP on the cell-
jo-cell trangmission of HIV.1_ a syncytiom formiion assay was
performed under conditians in which the drup wis added at 1he
time ol cocultivation of Mol cells with Moll-d/HTLV-11IB
cells (Tuble 3). Calcium spirulan showed slmost complete in-
hibition of syneytium formalion at higher contentrations than
25 pg/ml. while DS did not block completely the fusion reic:
tion even at 100 pa/ml. The 1Csy values of Cu-SP and DS were
7.3 and 14.2 p/mi, respectively, Whereas Ca-SP showed dosie-
dependent inhibition in the concenirution range tested, DS stime
ulmed the cell fusion 8l lower concenteations than | pg/ml. In
the other cxperiments, the ctiects of pretreaiment of uninfecied
Molt-4 eells with Cu-SP or DS were determined on syncytium
farmmion (Fi. 2). In tremmenr A, Molt=a cells were enposed
10 the compound trom 3 hr prior (@ cocultivation with the coun-
terpan. [n trestment B, the corpound was added ut the lime of
cacoltivation us in Table 3. The inhibitory effecis of bath
Cu-SP and DS an cell fusion were not markedly ditferen! Irom
euch other between the two truntments ac higher concentrations
than 20 wp/ml. In both treatments, however, the stimuiation of
syncylium formation by lower coneentrations of DS was again
ohserved.

Comparison of anti-HIV effects of Ca-SP with Na-SP,
H-SP, and desulfared SP

T determine the significonce of calefum ion in the bione-
tivity of Ca-SP, Cu-SP, Na-5P, and H-5P were subjecied (o syn-
cyhum formalion und cylopithalogy dskiys, As shown in Tuble
3, H-SP showed no marked inhibilion of syneytium lormition
ut the coneentrations tosted, und exhibited the stimulning cf-
fecl at Jower concentrations thun § pg/mi. Svudium spirulan ex-
erted an inhibitory effect comparable 1o that of Co-8P a1 higher
concentrations than § gy/mi, with an [Cap ol HLS p/ml, while
the compound siimuluted cell tusion wl lower cunceninions
than | mg/ml. When desultated spirulan was ulso evialuated for
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TapLe 2. ErfECT orF TIME OF AnDITION OF CALCIUM SPIRULAN ON HSV-| REPLICATION

Time of uddinon

3 hr bejore During 0-1 hr 1=2 fr 2-24 hr Antivieal activiey
infection infection postinfection pustinfection pustinfeciion {1C sy seafmi)
4o = - - - >200"

= g - - — 097 = 0.10
= - + - 4 - >200

- — - - - >200

_ _ — = ! 245 = 4.6
o+ + - =2 ~ 0.92 = 0.20
M - % - - 1.2 2 0.05
= = + + = =200

+ + + + + 0.95 = 0.19
M % & s + 0,83 = 0.12
- - + + + 132233

sPeLa cells were treated in the absence (—) or presence {+)
hEuch value is the mean = SD ol Iriplicars 1ssays,

its cffect agalnst syngytium formation, no marked inhibition
was phserved i LOACEniraliony up to 35 pp/ml, and the siim-
ulation of cell fusion wus seen at 3 ppfeal or less. When ant-
HIV-1 sctivities of these compounds were nssessed by o cy-
roputhology assay using acrnely infocted MT-2 cells, the 1Cs0
values for Na-SP, H-SP, and desulfned SP were 8.2 = 1.0
5|00 und =50 pe/mi, respectively (duta nat shown),

Lymphoeliferarive activiry of sulfared polysaecharides

+

Previously, Anand er al** huve reporicd that virui enhunce-
ment at low concentrations of a sulfuted polvsaccharide ap-
peared 10 be linked to its tymphaproliferative effecl. We deer-
mined wheiher such an cffect might also be obscrved al
low concentrolions ol the compounds tested, When uninfected
Moli-4 cells were exposed to 0.1-1 ug of vach compound per
milliliter Tor § duvs. DS, Na-SP. ond H-SP sumulated eell
growth by 19-24, 13-19. and 13-199%, respectively, compired
with the controt culwres (Table 4). On the ather hand, there
was no proliferative eifect in Ca-SPareated celly ul the same
concenirations.

of dilferent concentrations of Ca-SP during the period indicared.

Anticoagulanr activiry of Ca-SP

The anticoagulant activity of Cu-SP was evaluated by PT and
APTT (Table 5). The PT valie of the unireated blood was 1.1
sec. Treatment of (he blood with Cu-SP it lower congenirutions
thun 100 pg/mi did not remarkably cxceed the control value,
while the treagment ut the higher concentration of 200 pgfmi
resulted In o considerably increased T value, On the other
hand. mentment with DS remarkably increascd the PT values &
50-200 pg/ml, The APTT values ol blood inzated with Ca-SP
also showed no remarkable change ut lower concentrations thun
100 po/ml, The concenteations of Cu-SP and DS required o
abrain twafold APTT were 112 pp/ml and Jess than 50 pg/ml.
respectively. Thus, the anticoagulant activity of Cu-SP was very
weitk when compared with thacof DS

Evaluation of ex vivo anrivirel aciivity

In this study, we measured direcity the Ci-SP Jevel in mouse
scrum and also its antiviral activity (Tuable 6), Alier mice were
treated intruvenously with Co-SP, seru wer obiained from euch

Taore 3. Ememers of Ca-SP, Nu-SP, H-SP, AND DESULFATED SP on SyNCYTIUM FORMATION OY
CocLLTIVATION OF Moll-4 anD Mol4/HTLV- 1B

Percent inhibition of syneyrium formation

50% inhibitory

Drug 0.2 pp/ml I pufmf 5 pgimi 25 ppimd 100 pgiml crncentration (pylmi)
DS —13x54 —B.6 %12 3.8 * 0.64 74 = 9.9 98 £ 1.6 14.2
Cu-SP 63=12 14 =319 27 = 6.7 g9 = 1.2 100 7.3
Na-SP -H*50 -73=29 1022 95 =29 g9 = 1.2 10.5
H-5P -87=1.1 -97 6.0 -1.3 2045 1334 27 = R.1 >[00
Desulfaterd SP -12 =49 —-13%*54 -12x35 9.3 x40 ND® >25

“Drug was added at the ume of cocultivarion of Molt-4 celly with the counterpant. Euch value Iy the mean + 5D of riplicate

assays.
by, Not delermined because of irs high cytofoxicity.
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TABLE 5. ANTICOAGULANT AcTiviey ar CaLCluM SPIRULAN
AND DPRXTRAN SULFATE

Time (sec)*

Concentration -
Drug { pytrmrd) pTh APTT®
Conirol — 1.4 £ 065 20,1 =20
{saline)
Ca-SP 50 12.3 = 0.5 343 233
100 12313 48.1 £ 3.0
200 136 = (.1 124 = IR
D3 50 13.2 = 1.5 ant =28
100 4.1 = 1.4 >240
00 162 = L5 340

afuch valee is the mean = SO of triplicive assays.
5PT, Prothrombin lime.
cAPTT. Activated partial thromboplastin time.

as well because, unlike deximan sulfue, Cn-SF showed consid-
¢rubly higher activity against HSV-1 even when added after in-
fection,

Sulfation of substances such a8 polysaccharidesd 2=
and ganglioxides'® enhances their antivird) activities. The unti-
UIV-1 activity of dextran sulfate |s reported fo be highty de-
peadent on ifs sulfur content.” AL present. it is mor clear why
sulfatiun of the compounds results in the generation of such uc-
Hvities. In this study, desulfation of Ca-SP resulted in the dise
appearance of ity anli-HIV activity, Similar resulrs have been
obtuined in an anti-HSV -1 assuy.!™ wherzin the desulfuted com-
pound showed o remarkable reduction of it antiviral sctivity
when compured with Cu-5¢. These observitians reconfirmed
e imponam role of sulfaic groups i exhibiting the nntiviral
activily of aullnied polysaccharides.!-¥-*7 Howuaver, In 3pite af
the presente of sulfaled groups in caleium-free spirulan (H-SP).
an inhibitery effeet on HIV replication was not mainiained in
this compound. Thus. it is suggested thar the molecular con-
formation of Cu-SF by chelation of cilcium ion with sulfle
proups might he essentiul for i3 biological acilvity.

Anand e of.2 observed ihe enhancement of RIV replication
in lhe presence of sodium pentusan palysaccharide und dextran
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sulfidte mt lower coneentrations, Lentinan sulfate. curdian galuc-
lose sulfate, and curdlan orabinose sulfne were also found 10
stimulate syneytium [formation in cocultures of Molt-4 ond
Molte4/HTLV-JIB cells at ow concentrations.’ Because many
sulfuted polysaccharides ure only poorly ubsorbed [rom the gns-
\wointestinal tract or rapidly metabolized in the body, sysiemic
concentrations of these compounds nfler adminisiration ¢ould
be ut u virus-enhuncing low level. Thus, it s purticularly im-
portant 1o check for such a deleterious elfect af virus enhance-
ment a1 lower concentrutions in the course of the evaluation of
sulfated polyanions as therapeutic agents In the present study.
Cu-SP was conlirmed to show dose-dependent {nhibition of
HIV replication without the stimulition of virus-induced syn-
cylium formution at lower conceniritions, while dextrap sulfaw
showed repeatedly such i deleterious effect. Caloium ypirulan
contains calcium ion in s molecular siructure, while many
other sulfated palysaccharides including dextran sulfate are
sodiom solis. When the calcium inn of Ca-5P wus replaccd by
sodium ion, the resulting sodium spirulan (Na-SP) showed nu
more dosc-dependent inhibition of syncytium formation but
stimufatad this event af low cancentrations as abxerved for dex-
yrun sullmte, A proliferative effect on Molt-3 cells. which way
abserved when the celly wers Ireated with low concamrations
of dextran sulfute and Na-SP, might expluin at lenst in pun their
virus-enhancing effeets.

In spite of the facl that sulfated polysnecharides are promis-
ing cundidates for the treaiment of AIDS bzeauss of their po-
yent in virro anvivical nctivities and low tokicilies for CD4-pos-
itive cells, the anucospulaatl sciivity hus often hampered their
useluiness as alli-ATDS tlicrapeutics. Amony these compountly,
however, dextran sulfaies of low moleculur weight (MW 5000,
#000) have been known noi o be markedly inhibilory to the
conpulation pracess.’ Culcium spirulun showed much lower up-
ticongulant activity thun dextran sulfate, Thus, anti-HIV activ-
ity of Ca-SP cun be atined ul o concentruhian without show-
ing any amicouguiant activity.

From the viewpoint of thcropy. the conservation of potent
antiviral ictivity in vive and the biogvailability of the agent af-
(o1 sdministronon ure the most importaht depects 10 be focusett
on in e development of antivira! ggents. The hall-life of dex-
iran sullfate in the bload, however, wus very shor, being up-

TapLt 6. CONCENTRATION OF DRUQ ANR ANTIVIRAL ACTIVITY IN SERA ORTAINER FROM
MicE TruATED INTRAVENOUSLY WITTH CarLtiuv SpituLANY

Concentration Anti-HSV. I acrivity® Anti-HIV-1 activiy®
Time ofrer in sernm (1Ca; fold dilwtion of ({Cyp: fold dilnion of
adnrinistraiion {pefmi) yernm) tertim)
2 min (06 = 54 2460 = 54 ND*
30 min W76 = RS 2423 = 26 957 + 46
1 hr H10 = 276 1650 * 360 A03 * 58
3hr 571 = BY 1430 = 187 667 = 52
4 hr 572 x 113 613 = 62 335 = 6l
# hr 510 = 36 349 = 235 IBS * 34
24 hr 416 = 63 6] = 15 44 =43
Unirearcy conirol 0 <IN <40

——

3Each value is the mean = SD from three mice.

hAmivir) sskays were perforned by sdding the serially diluted yerum samples 1o the medium al the lime of infection.

ND, Mot derermined.
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