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bstract

Natural substances offer interesting pharmacological perspectives for antiviral drug development in regard to broad-spectrum antiviral properties
nd novel modes of action. In this study we analyzed polysaccharide fractions isolated from Arthrospira platensis. Fractions containing intracellular
r extracellular spirulan-like molecules showed a pronounced antiviral activity in the absence of cytotoxic effects. Using specific assays for the
uantification of viral replication in vitro, these substances exhibited strong inhibition of human cytomegalovirus, herpes simplex virus type 1,
uman herpesvirus type 6 and human immunodeficiency virus type 1, while only weak or no inhibition was noted for Epstein-Barr virus and
nfluenza A virus. Considering herpesviruses, antiviral effects were most pronounced when the cells were preincubated with the substances prior
o the addition of virus, indicating that antiviral action may be primarily targeted to virus entry. However, an inspection of the inhibition of
uman cytomegalovirus protein synthesis clearly demonstrated that intracellular steps also contributed to the antiviral effect. In the case of human

mmunodeficiency virus, inhibition occurred at a stage later than viral entry. Thus, spirulan-like substances possess a marked antiherpesviral and
nti-HIVactivity based on different modes of action. Further development of these substances might yield novel candidates of broad-spectrum
ntiviral drugs.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently the interest in identifying naturally occurring antivi-
al molecules largely intensified (Beutler et al., 2002; Jung et al.,
000; Lee et al., 2004; Yang et al., 2001). A huge chemical diver-
ity can be found amongst natural products derived from plants,
icroalgae, bacteria, fungi and others. Importantly, a variety of

atural substances is known possessing strong antiviral activity.
herefore, a number of laboratories focused their activities in
ntiviral research on substances derived from plants and microal-
ae including cyanobacteria (blue-green algae). Among other

easons, these organisms can be cultivated efficiently, possess
high potential to produce biologically active substances and

ventually may be selected on the basis of their ethnomedical
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se. In previous investigations, we optimized the use of pho-
otrophic microorganisms as sources of biological active sub-
tances in photoautotrophic and mixotrophic cultivation modes
y developing an adequate cultivation system, i.e. photobiore-
ctor system Medusa (Walter et al., 2003). In this study, we
nalyzed the antiviral activity of intra- and extracellular sub-
tances from cyanobacterium Arthrospira platensis (formerly
pirulina platensis). Calcium spirulan, a sulfated polysaccha-
ide isolated from A. platensis was described to possess antiviral
ctivity (Hayashi et al., 1996a; Lee et al., 2001). It consists of two
ypes of disaccharide repeating units, O-hexuronosyl-rhamnose
nd O-rhamnosyl-3-O-methylrhamnose, and trace amounts of a
ariety of other saccharidic constituents, i.e. xylose, glucuronic
cid and galacturonic acid (Lee et al., 1998, 2000). The pres-
nce of sulfate in calcium spirulan was demonstrated by X-ray
nd flask combustion analysis (Lee et al., 1998). Further forms

f sulfated polysaccharides are also produced by green algae
nd red algae. A broad spectrum of antiviral activity of calcium
pirulan and spirulan-like substances was reported, including
erpesviruses, paramyxoviruses, influenza viruses and human

mailto:manfred.marschall@viro.med.uni-erlangen.de
dx.doi.org/10.1016/j.antiviral.2006.06.004


1 l Rese

i
e
m
t
p
t
F
d
A
p
h
6
t
i
w
d

2

2

i
A
r
p
(
t
H
w
R
E
w
l
p
T
3
g
2
a
2
R
l
L
1
w
s
c

2

w
t
t
i
l

b
S
p
T
d
u
i
E
l
l
d
m
w
s
T
(
C
d
T
1
s
T
d
T
w
o
b
g

w
S
H
G
t
a
5
T

2

fl
c
w
C
g
c
o
w
a
d
I
i

98 S. Rechter et al. / Antivira

mmunodeficiency virus type 1 (Hayashi et al., 1996a,b; Lee
t al., 2001, 2004). In these studies, however, many indirect
odes of measuring antiviral activity (e.g. measuring the reduc-

ion of virus-induced cytopathic effects) were applied. In the
resent study, we performed direct, virus-specific approaches
o characterize antiviral activity of spirulan-like substances.
or this, well-established classical methods as well as recently
eveloped reporter-based virus replication assays were applied.
s an important result, the susceptibility of selected human
athogenic viruses such as human cytomegalovirus (HCMV),
erpes simplex virus (HSV-1), human herpesvirus type 6 (HHV-
) and human immunodeficiency virus type 1 (HIV-1) as well as
he non-susceptibility of Epstein-Barr virus (EBV) and human
nfluenza A virus (A/WSN/33) towards spirulan-like substances
ere observed. Potential determinants of the mode of action are
iscussed.

. Materials and methods

.1. Cell culture and viruses

Primary human foreskin fibroblasts (HFFs) were cultivated
n MEM containing 5% (v/v) fetal calf serum (FCS). HCMV
D169 and AD169-GFP were propagated in HFFs and virus

eplication was quantified by indirect immunofluorescence (IE1-
72-positive cells) or automated GFP fluorometry, respectively
Marschall et al., 2000, 2001). Vero and 293T cells were cul-
ivated in DMEM containing 10% FCS. A clinical isolate of
SV-1 was propagated in Vero cells and titers of viral stocks
ere determined by plaque assay. Recombinant B-lymphocytes,
aji R7-57, expressing HBsAg under control of the oriLyt of
BV (Marschall et al., 1993) were cultivated in RPMI 1640
ith 10% FCS. B95-8 cells were used as EBV producer cell

ine and cultivated in RPMI 1640 containing 10% FCS. EBV
roduction was induced chemically by the addition of 40 nM
PA (phorbol 12-myristate 13-acetate; Sigma) for 7 days and
mM butyric acid for 3 days. HHV-6A strain U1102 was propa-
ated in HSB-2 cells and analyzed as described (Takemoto et al.,
004; Nitsche et al., 2001). Influenza A/WSN/33 virus was prop-
gated in MDCK cells cultivated in DMEM medium containing
% FCS at 33 ◦C. Recombinant T-lymphocytes, CEMx174-
5LTR-GFPluc, carrying a green fluorescent protein (GFP) and

uciferase expression module under the control of the HIV-1
TR promotor (Gervaix et al., 1997) were cultivated in RPMI
640 with 10% FCS. High-titer stocks of HIV-1 strain NL4-3
ere produced in CEMx174 cells after the transfer of infectious

upernatant from 293T cells transfected with a viral full-length
DNA clone.

.2. Antiviral substances

For the generation of spirulan-like substances, A. platensis
as cultivated monoseptically in UTEX Spirulina medium in
he 25 l-Medusa-type photobioreactor (Walter et al., 2003). Cul-
ure conditions were 35 ◦C, 3.25 l min−1 air flow and constant
llumination at a photon flux density of 200 �E m−2 s−1. For iso-
ation of intracellular polysaccharides (TK-V2), the lyophilized
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m
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iomass was first extracted with CH2Cl2/MeOH (1 + 1, v/v).
ubsequently, the dry biomass was extracted twice with ultra-
ure water for 1 h at 100 ◦C, according to Lee et al. (1998).
he aqueous extract was centrifuged for 30 min at 10,000 × g,
ialyzed (14,000 Da, Roth no. 0653.1) against deionized and
ltrapure water and then lyophilized. Dry material was dissolved
n 10% trichloroacetic acid and soluble material was dialyzed.
xtracellular polysaccharides (TK-V3 and TK-V4) were iso-

ated from culture supernatant by centrifugation of culture broth,
yophilization and dialysis (14,000 Da, Roth no. 0653.1) against
eionized and ultrapure water. Substances contained in the pri-
ary extract (TK-V3) were further purified by precipitation
ith 80% ammonium sulfate and dialysis of the centrifuged

upernatant (TK-V4). Carbohydrate content of samples TK-V2,
K-V3 and TK-V4 was determined by the anthron-H2SO4 assay

Analysis Committee of EBC, Analytica-EBC method 9.26, H.
. Geranke-Verlag, Nürnberg, 1998) with rhamnose as carbohy-
rate standard (Fluka 83650). Protein content of sample TK-V2,
K-V3 and TK-V4 was determined with biuret method (Merck
.10307) using albumin fraction V from bovine serum as protein
tandard (Merck 1.12018). The molecular weight distribution of
K-V4 was estimated with gel permeation chromatography. The
istinction between the batches a–c (e.g. TK-V3a, TK-V3b and
K-V3c) was made on the basis that different stock solutions
ere prepared from the same dry substance at several time points
f analysis. Slight differences in biological activities between the
atches might arise from minor variations in chemical homo-
eneity or solubility.

Reference drugs with known antiviral or cytotoxic activity
ere used as controls, such as ganciclovir (GCV, Cymeven;
yntex-Arzneimittel/Roche), artesunate (ART; Saokim Ltd.,
anoi, Vietnam), amandatine (AMA; Sigma), zidovudine (AZT,
laxoSmithKline), indinavir (IDV, Merck Sharp & Dohme) and

axol (Paclitaxel; Calbiochem/Merck). Stocks were prepared in
queous solution (GCV, AZT and IDV), in DMSO (AMA), in
0% DMSO (ART and taxol) or in PBS (TK-V2, TK-V3 and
K-V4) and aliquots were stored at −20 ◦C.

.3. Cytotoxicity assay

HFFs or Vero cells were grown in 48-well plates to subcon-
uent layers and incubated with the antiviral substances in the
ulture media (without phenol red) for 7 days. Medium samples
ere taken and assayed using the CytoTox 96 Non-Radioactive
ytotoxicity Assay (Promega) to determine the lactate dehydro-
enase (LDH) released from nonviable cells via colour substrate
onversion. For this, cell debris was removed by centrifugation
f the medium samples and 50 �l of each sample was incubated
ith 50 �l of the substrate mix for 30 min in the dark. There-

fter, 50 �l of stopping solution was added. The photometric
etermination was performed via ELISA Reader (OD 490 nm).
n a second assay performed with HFFs in 48-wells, cytotox-
city was determined by the trypan blue dye exclusion assay.

fter an incubation of the antiviral substances for 7 days, media
ere removed and cell layers were stained with a 2% solution of

rypan blue. The number of cytotoxic cells per field was deter-
ined by microscopic counting. Alternatively, cell proliferation
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f MRC-5 cells was analyzed by the formazan dye reduction
ssay using WST-1 (Roche). Therefore, cells were cultured in
6-well plates in 100 �l DMEM containing 5% FCS and antivi-
al substances for 1 day. To perform formazan reaction, 10 �l of

ST-1 reagent were added before signals were detected after
h by the use of an ELISA reader (OD 450 nm).

.4. HCMV GFP-based antiviral assay

HFFs were cultivated in 12-well plates and used for infection
ith a recombinant green fluorescent protein (GFP)-expressing
CMV, AD169-GFP, at a multiplicity of GFP-TCID 0.25 (i.e.
5% GFP-forming tissue culture infectious dose 7 days post-
nfection). Antiviral substances were added either after virus
dsorption (post), or preincubated on the cells for 1 h as well
s during virus adsorption (pre), or preincubated plus remaining
n the culture media throughout the experiment (pre–post). For
reincubation of viral inoculum with the substances, aliquots of
stock of HCMV AD169-GFP (approximately 6 × 105 PFU/ml)
ere preincubated for 1 h at 37 ◦C under movement before virus
articles were pelleted by centrifugation for 3 h at 25,000 × g at
0 ◦C and used for the infection of HFFs cultivated in 12-well
lates. All infections were performed in duplicates. Seven days
ost-infection, cells were lysed and lysates from each well were
ivided into two samples for further processing and subjected
o automated GFP quantification in a Victor 1420 Multilabel
ounter (Perkin-Elmer Wallac GmbH, Freiburg, Germany) as
escribed before (Marschall et al., 2000).

.5. HSV-1 plaque reduction assay

Infection assays were performed with a clinical isolate of
SV-1 on Vero cells in 12-well plates at 90% confluence.
ollowing virus adsorption at 37 ◦C for 90 min, inoculi were
emoved and 0.3% agarose overlays, optionally supplemented
ith antiviral substances, were added to the wells. The staining
f viral plaques with 1% crystal violet was performed 4 days
ost-infection.

.6. EBV reporter-based antiviral assay

R7-57 cells (a reporter B-lymphocyte clone which indicates
ytic EBV replication by reporter protein expression driven by
he viral oriLyt promotor; Marschall et al., 1993) were growth-
timulated by the addition of an equal volume of fresh culture
edium one day before infection. Then, 5 × 106 cells were

ollected by centrifugation (2000 rpm, 5 min, 4 ◦C). In case of
reincubation, antiviral substances were added to the cells in
medium volume of 500 �l and incubated for 1 h. Thereafter,

ells were inoculated with 1 ml of a stock of EBV strain B95-8
or 90 min, optionally supplemented with antiviral substances
efore adding 1 ml of fresh medium. Infected cells were culti-
ated in 6-well plates for 6 days at 37 ◦C. As R7-57 cells, lytically

uperinfected with EBV B95-8, express a secreted recombinant
orm of hepatitis B virus surface antigen as a reporter protein
HBsAg; Marschall et al., 1989), medium samples were taken
nd assayed with a diagnostic HBsAg detection kit (Abbott).

2

e
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.7. Influenza A GFP-based antiviral assay

293T cells were cultivated in 12-well plates and transfected
ith the plasmid pHH21-NP-UTRhi-eGFP, which is a reporter

onstruct expressing GFP in specific response to influenza A
irus RNA polymerase activity (Lutz et al., 2005). One day
ost-transfection, the cells were used for infection with influenza
/WSN/33 virus. In case of preincubation, antiviral substances
ere added to the cells in a medium volume of 500 �l and

ncubated for 1 h. Following the addition of virus inoculum
nd incubation for 90 min for adsorption, cells were cultivated
n fresh medium, optionally supplemented with antiviral sub-
tances, for further 24 h. Thereafter, the cells were harvested
5000 rpm, 3 min) and lysed before cell debris was removed
y centrifugation (10,000 rpm, 5 min). Lysates from each well
ere then divided into two independent samples and subjected

o automated GFP quantification.

.8. HIV-1 GFP-based antiviral assay

CEMx174-R5LTR-GFPluc cells (kindly provided by Prof.
r. N.R. Landau, La Jolla, USA; Gervaix et al., 1997) were cul-

ivated in 12-well plates (5 × 105 cells) and used for infection
ith a high-titer stock of HIV-1 strain NL4-3. Antiviral sub-

tances were either preincubated for 1 h and remained on the
ells or added after a 1 h-period of virus adsorption. Thereafter,
ells were incubated in the presence of antiviral substances in
he culture medium for 5 days. Then cells were lysed and lysates
ere inactivated at 65 ◦C for 40 min. Cell debris was removed
y centrifugation (10,000 rpm, 3 min) before lysates were used
or automated GFP quantification.

.9. Indirect immunofluorescence

HCMV AD169 infection (MOI of 2) was performed with
FFs grown on coverslips in 6-well plates at 90% confluence.
irus adsorption took place either at 4 or 37 ◦C. At various time
oints after virus adsorption (0, 1, 4 or 8 h) cells were fixed
ith 4% paraformaldehyde (10 min, room temperature) and per-
eabilized using PBS/0.2% Triton X-100 (20 min, 4 ◦C). Indi-

ect immunofluorescence analysis was performed as described
Marschall et al., 2005). In brief, fixed cells were incubated
ith primary antibodies (MAb-pp65 28-77, kindly provided
y Prof. Dr. W. Britt, Univ. Birmingham, AL, USA; MAb810
E1-p72/IE2-p86, Chemicon) for 90 min at 37 ◦C followed by
econdary antibody incubation (anti-mouse-FITC, Dianova) for
5 min at 37 ◦C. Nuclear counterstaining was performed with
API Vectashield mounting medium (Vector Laboratories).
ata for immunofluorescence were collected by the use of an
xiovert-135 microscope at magnifications of 400× (Zeiss).

mages were recorded with a Cooled Spot Color Digital Camera
Diagnostic Instruments).
.10. Western blot analysis

HFFs were grown in 6-well plates overnight to subconflu-
nce and infected with HCMV AD169-GFP at GFP-TCID of 1
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Table 1
Antiviral activities of spirulan-like substances against HCMV and cytotoxicity
in HFFsa

Substance CC50 [�g/ml] IC50 [�g/ml] Anti-HCMV
index

Post Pre–post

TK-V2b 535.8 ± 59.0 93.3 ± 0.1 31.0 ± 5.8 17.3
TK-V3a 231.7 ± 60.6 94.8 ± 0.4 1.4 ± 0.3 165.5
TK-V3b 460.2 ± 71.9 92.6 ± 0.6 2.2 ± 0.1 209.2
TK-V4a 390.5 ± 107.2 93.2 ± 0.4 2.3 ± 0.3 169.8
GCV 420.8 ± 30.3 0.7 ± 0.1b n.d. 601.1

CC50, substance concentration resulting in 50% induction of cytotoxicity signals
in the LDH assay; IC50, substance concentration resulting in 50% inhibition
of HCMV replication; post, substances added after virus adsorption; pre–post,
incubation of antiviral substances before, during and after virus adsorption;
therapeutic anti-HCMV index, CC50/IC50 pre–post (post for GCV); n.d., not
determined.
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i.e. a GFP-forming tissue culture infectious dose of 100% at
days post-infection). Antiviral substances were added either

fter virus adsorption (post) or 1 h prior and during the 1 h-period
f virus adsorption before replaced by fresh culture medium
acking antiviral substances (pre). Alternatively, the cells were
reincubated for 1 h and the antiviral substances remained in
he culture media throughout the experiment (pre–post). All
nfections were performed in duplicates. At 20, 48 and 72 h
ost-infection, infected cells were lysed in 50 �l RIPA buffer,
ncubated on ice for 10 min and centrifuged to remove cell
ebris. Thereafter, 50 �l sample buffer was added to the lysates.
fter heating at 95 ◦C for 10 min, lysates were subjected to

tandard SDS-PAGE and Western blot detection procedures.
onoclonal antibodies were used as follows: MAb810 IE1-

72/IE2-p86 (Chemicon), MAb-UL44 BS 510 (kindly provided
y Prof. Dr. B. Plachter, Univ. Mainz, Germany), MAb-MCP
8-4 (kindly provided by Prof. Dr. W. Britt, Univ. Birmingham,
L) and MAb-�-actin Ac-15 (Sigma).

. Results and discussion

.1. Chemical characterization of TK-V2, TK-V3 and
K-V4

Intracellular extract TK-V2 contained a high quantity of
arbohydrates and no detectable proteins. Extracellular extract
K-V3 was composed of 41% carbohydrates and 57% proteins,
s compared to carbohydrate and protein standards. TK-V4,
hich was the soluble part of precipitated TK-V3, contained

he same amount of carbohydrates (45%); it was composed
f at least four substances as indicated by gel permeation
hromatography. Fractionation of the extracellular extract TK-
3 by ion exchange chromatography revealed the basic antiviral

ctivity in the anionic polysaccharide fraction, but not in protein
ractions.

.2. Level of substance-induced cytotoxicity

Spirulan-like substances were analyzed for the induction of
ytotoxic side-effects in primary human fibroblasts (HFFs) by
he quantification of lactate dehydrogenase (LDH) released from
onviable cells. Substances TK-V2b, TK-V3a, TK-V3b, TK-
4a and TK-V4b did not produce any cytotoxic signals in the

ange of 1.1–90 �g/ml. The concentrations of the substances
esulting in 50% induction of cytotoxicity signals (CC50) are
ummarized in Table 1. In parallel, LDH assays were also per-
ormed with Vero cells and in accordance to the findings for
FFs, no cytotoxicity was measured for either of the substances

nalyzed up to the concentration of 90 �g/ml (data not shown).
or HFFs, the results were confirmed by using the standard try-
an blue dye exclusion assay (including TK-V3c in addition to
he substances listed above). No or very low signals of cytotoxic-
ty were counted on the single-cell level for concentrations up to

0 �g/ml and some signs of cytotoxicity occurring at 90 �g/ml
ere clearly less pronounced than those obtained with the posi-

ive control (taxol 1 �M; data not shown). Additionally, human
mbryonic lung fibroblasts (MRC-5) were analyzed by the for-

i
I
b
o

a Values are expressed as means ± standard deviations of two replicate assays
nd two sample preparations each.
b Kaptein et al., 2006.

azan dye reduction assay. In MRC-5 cells, substances TK-V2
nd TK-V3 did not produce any effect when incubated for one
ay (CC50 > 5 mg/ml; data not shown).

.3. Anti-herpesviral activity of spirulan-like substances

Spirulan-like substances were analyzed for anti-herpesviral
ctivities in comparison to GCV used as a reference drug (Fig. 1).
or this, a quantitative determination of herpesviral replication
as carried out using reporter-based antiviral assays for
CMV and EBV, and a plaque reduction assay for HSV-1. All

ubstances analyzed showed a dose-dependent inhibitory effect
n HCMV replication under the conditions of preincubation
pre–post). Hereby, especially TK-V3a, TK-V3b and TK-V4a
evealed a strong inhibitory potential at 3.3 �g/ml or higher.
n parallel, incubation of the substances exclusively after virus
dsorption did only produce a moderate antiviral effect towards
CMV. This indicates an antiviral action at the stage of virus

dsorption and/or penetration. Notably, spirulan-like substances
solated either from intracellular (TK-V2b) or extracellular frac-
ions (TK-V3a, TK-V3b and TK-V4a), both produced a clear
nti-HCMV effect. The concentrations of the substances that
esulted in 50% inhibition of HCMV replication (IC50), as well
s the anti-HCMV indices (CC50/IC50) are presented in Table 1.
hese data clearly illustrate the enhancing effect of preincu-
ation of substances for the anti-HCMV activity. For example,
he lowest IC50 value with preincubation (pre–post) is provided
y TK-V3a, 1.4 ± 0.3 �g/ml, as compared to 94.8 ± 0.4 �g/ml
ithout preincubation (post). This stands in contrast to the

ction of the known inhibitor of viral DNA synthesis, GCV,
hich produces a strong antiviral effect without preincubation

IC50 0.7 ± 0.1 �g/ml) (Kaptein et al., 2006). Furthermore,
he anti-HCMV index of TK-V3b, 209.2 (Table 1), which is
ighest among the spirulan-like substances tested, points out

ts strong potency as an inhibitor of HCMV replication in vitro.
n addition, we investigated whether substance TK-V3c may
ind to viral particles and alter infectivity. For this, aliquots
f HCMV AD169-GFP were preincubated with various con-
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Fig. 1. Determination of antiviral activity towards three herpesviruses: HCMV, HSV-1 and EBV. (A) HFFs were cultivated in 12-well plates and infected with HCMV
AD169-GFP. Antiviral substances were added either after virus adsorption (post) or 1 h before as well as during virus adsorption remaining in the culture media
throughout the experiment (pre–post). Seven days post-infection, cell samples were subjected to quantification of viral replication by automated GFP fluorometry.
A mean of four values is presented in each column (infection in duplicate and lysates processed in duplicate). Mock-infected, no infection; no inhibitor, infection
without addition of a substance; GCV, ganciclovir (20 �M). (B) Vero cells were used for infection with a clinical isolate of HSV-1. Antiviral substances were added
as described in (A). After virus adsorption, cells were overlaid with agarose medium. Four days post-infection, viral plaques were stained and counted under the
microscope. A mean of four values is presented in each column (infection in duplicate and counting of plaques in duplicate). (C) R7-57 cells, stably carrying an
EBV-based reporter construct, were used for infection with EBV strain B95-8. Antiviral substances were added as described in (A). Lytic EBV replication, as
indicated by the presence of secreted reporter protein in culture media samples, was determined 6 days post-infection. A mean of three values is presented in each
column. ART, artesunate (15 �M).
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Fig. 2. Determination of anti-HCMV activity by preincubation of an antiviral
substance with virus inoculum before infection. Aliquots of HCMV AD169-GFP
were preincubated with the indicated concentrations of TK-V3c. Thereafter,
virus particles were pelleted and used for the infection of HFFs. Seven days
post-infection, viral replication was quantified by GFP fluorometry. A mean of
four values is presented in each column (infection in duplicate and lysates pro-
cessed in duplicate). Mock-infected, no infection; no inhibitor, infection without
addition of a substance; GCV, ganciclovir (20 �M); TK-V3c centrifugation, an
aliquot of the substance (90 �g/ml, in the absence of virus) was subjected to
c
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herpesvirus EBV. No more than marginal inhibitory effects were
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entrifugation, and the putative pellet was added together with virus inoculum
o a control panel of infection.

entrations of TK-V3c before the substance was removed by
entrifugation and viral particles were analyzed in an infection
ssay (Fig. 2). At high concentrations of the substance (30 and
0 �g/ml), partial inhibition of viral replication was measured.
his antiviral effect, however, was clearly less pronounced than
he effect detected for preincubation of cells with the substances
escribed in Fig. 1A. Thus, direct interaction of the substances
ith viral particles may add to the overall antiviral effect but

n
T
i

ig. 3. (a–k) Indirect immunofluorescence analysis to detect the nuclear accumulatio
-well plates and used for infection with HCMV AD169 at a MOI of 2. Cells were p
resence of the substance, before the substance was removed and replaced by fresh m
he substance in the culture medium (pre–post). At the indicated time points, cells w
MAb-pp65 28-77) or viral IE proteins (MAb810 IE1-p72/IE2-p86). Cell nuclei w
CMV infection with strain AD169; no inhibitor, HCMV infection without addition
arch 72 (2006) 197–206

oes not explain their full activity. Importantly, this is the first
escription of antiviral activity of substances isolated from the
xtracellular fraction of Arthrospira.

The results for HSV-1 were very similar to those obtained
or HCMV. When preincubated with cells (pre–post), particu-
arly substances TK-V3a and TK-V4b showed a pronounced
nhibitory effect on viral replication (Fig. 1B). Although
ntiviral activity was also detectable without preincubation,
he degree of inhibition was considerably lower. This finding
uggests similar modes of inhibition for the two herpesviruses
CMV and HSV-1.
Moreover, also HHV-6 showed sensitivity towards spirulan-

ike substances. The replication of HHV-6A strain U1102 in
CRF-HSB-2 T-lymphocytes was inhibited by substances TK-
2b and TK-V3b. Inhibition was demonstrated by the measure-
ent of viral DNA synthesis one day post-infection (real-time
CR according to Nitsche et al., 2001). The concentration reduc-

ng viral load to 50% was less than 250 �g/ml for both sub-
tances. Preincubation of the substances (250 �g/ml) on cells
0 min before virus infection, followed by a continued incu-
ation after infection (pre–post), did not increase the antiviral
ffect compared to an incubation of substances after infection
post) (data not shown). This may indicate differences in the
ode of action between HHV-6 and HCMV.
Then, EBV replication was determined using a reporter assay

ith EBV-specific indicator cells (Fig. 1C) (Marschall et al.,
993). In contrast to the �- and �-herpesviruses described
bove, almost no or only very low inhibitory effects of the sub-
tances TK-V2b, TK-V3b and TK-V4b were measured for the �-
oted, e.g. for substance TK-V2b (pre–post) at 30–90 �g/ml.
he drug ART which possesses a broad anti-herpesvirus activ-

ty (Kaptein et al., 2006) served as an inhibitor control and

n of HCMV pp65 directly after viral entry. HFFs were grown on coverslips in
reincubated with TK-V3b (10 �g/ml) for 1 h including virus adsorption in the
edium (pre) or cells were preincubated followed by the continuous presence of
ere fixed and subjected to an immunostaining of viral tegument protein pp65

ere counterstained with DAPI. Mock-infected, no infection; HCMV-infected,
of a substance.
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of virus inhibition suggesting an entry-independent, intracel-
lular effect. Taken together, this indicates a complex mode of
HCMV-specific antiviral effects by substance TK-V3b. Primar-
ily, a strong inhibition is directed to viral entry, but in addition
S. Rechter et al. / Antivira

howed an intermediate level of EBV-specific inhibition. Thus, a
trong anti-herpesvirus activity of spirulan-like substances was
etected for HCMV and HSV-1, but not for EBV.

.4. Mode of action of spirulan-like substances towards
CMV replication

Among the spirulan-like substances, TK-V3b was identified
s the substance with the highest anti-HCMV index (Table 1).
herefore, an immunofluorescence staining experiment was per-

ormed in order to obtain information about the mode of action,
n particular to visualize viral entry into human fibroblasts
Fig. 3). After infection with HCMV AD169 at MOI of 2, per-
ormed at 4 or at 37 ◦C, respectively, the cells were fixed at 1, 4
r 8 h post-virus adsorption.

When virus adsorption was performed at 37 ◦C, infected
FFs in the absence of inhibitor showed a typical dot-like
uclear distribution of pp65 at 1 h post-adsorption (Fig. 3b and
). In contrast, pp65 could not be detected in the presence of TK-
3b (Fig. 3c–d and h–i). Of note, preincubation (pre) of TK-V3b
h before and during virus adsorption (without incubation of the

ubstance after virus adsorption) was sufficient to eliminate the
p65 staining signals almost completely. Compared to 1 h, cells
nalyzed at 4 h post-adsorption showed a slight nuclear accumu-
ation of pp65 when exclusively preincubated with TK-V3b (pre)
ut were completely negative when continuously incubated with
K-V3b (pre–post) (data not shown). This might indicate that

he inhibitory effect was not only directed to virus adsorption
ut also to virus penetration. The detection of newly synthesized
E proteins at 8 h post-adsorption served as a positive control for
he onset of HCMV replication (Fig. 3e and k). For a quantifi-
ation of inhibitory effects, cells showing the typical dot-like
uclear distribution of pp65 were counted and expressed as val-
es in percent of total cells (Table 2). At 37 ◦C, 66.7% cells
ere positive in the absence of inhibitor, whereas only 3.6%

ells were positive under preincubation with TK-V3b (pre) or
.6% cells under continued incubation (pre–post), respectively.
hen virus adsorption was performed at 4 ◦C (followed by a

hift to 37 ◦C post-adsorption) the percentage of positive cells
as decreased compared to those with virus adsorption at 37 ◦C

Table 2). Hereby, at 4 ◦C a lower percentage of positive cells

as detected under all conditions analyzed, i.e. in the absence

no inhibitor) or presence of inhibitor (TK-V3b pre, TK-V3b
re–post), and the relative levels of reduction were very similar.
ince this procedure was chosen to induce a delayed and syn-

able 2
uclear accumulation of HCMV pp65 (1 h post-virus adsorption)a

No inhibitor TK-V3b pre TK-V3b pre–post

ock-infected 0.3 ± 0.5 n.d. 0.3 ± 0.5
CMV-infected
(adsoprtion at 37 ◦C)

66.7 ± 2.5 3.6 ± 1.7 0.6 ± 0.5

CMV-infected
(adsorption at 4 ◦C)

18.3 ± 3.3 1.4 ± 1.0 0.3 ± 0.5

.d., not determined.
a Values are expressed in percent of total cells as determined by three inde-
endent countings (means ± standard deviations).
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hronized mode of virus penetration, one would have expected
o difference between the conditions of pre and pre–post, if
nhibition was specifically directed to adsorption. However, as a
ifference was actually noted, the results suggest that both viral
enetration and adsorption were involved in the inhibitory pro-
ess. Combined, these findings underline that an important part
f the complex activity of TK-V3b is directed to the stage of
irus entry.

Next, a Western blot analysis was performed to gain deeper
nsight into the mode of action of TK-V3b. For this, a single
ound of HCMV infection of HFFs (duration of 3 days) was
arried out under three different conditions of substance incu-
ation, i.e. post, pre or pre–post with respect to the addition
f virus. In each case HFFs were incubated with 10 �g/ml of
he substance, infected with HCMV and the expression of dis-
inct viral proteins was determined at 20, 48 and 72 h post-virus
dsorption (Fig. 4). The addition of TK-V3b exclusively after
irus adsorption (post) did not show any effect on the synthe-
is of viral proteins. Viral immediate early (IE), early (E) and
ate (L) proteins were expressed with normal kinetics during
he viral replication cycle. In contrast, a clear decrease in all
iral proteins was detected when TK-V3b was incubated 1 h
efore and during virus adsorption (pre). Hereby, already the
ynthesis of the IE proteins IE1-p72 and IE2-p86 was sup-
ressed and an even more pronounced inhibitory effect was
ound for the E protein pUL44 and the L protein MCP. Impor-
antly, pre–post-incubation of the substance (i.e. preincubation
ollowed by the continuous presence of the substance during and
fter virus adsorption) almost completely prevented viral protein
ynthesis under these conditions. Thus, the continuous pres-
nce of the substance post-infection contributes to the efficiency
ig. 4. Western blot analysis of the mode of action of TK-V3b towards HCMV.
FFs were cultivated in 6-well plates and used for infection with HCMV AD169-
FP at a MOI of 1 (GFP-TCID 100%). TK-V3b was added either after virus

dsorption (post), or preincubated for 1 h as well as during virus adsorption (pre),
r preincubated plus remaining in the culture media throughout the experiment
pre–post). At the indicated time points, cells were harvested and subjected to

estern blot analysis for the detection of viral immediate early proteins IE1-p72
nd IE2-p86, early protein pUL44 or late protein MCP (major capsid protein).
ock-infected, no infection; no inhibitor, HCMV infection without addition of a

ubstance; GCV, infection followed by addition of ganciclovir (20 �M); �-actin,
ndicating equal amounts of loaded proteins.
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second inhibitory effect is directed to later intracellular steps
f viral replication.

Given the strong indication that the antiviral activity is dis-
layed by negatively charged polysaccharides, it seems unlikely
hat they could effectively enter the cells, although in principle
his possibility has been demonstrated (Huleihel et al., 2002). It
s more tempting to speculate that these substances may bind to
he virus itself or to cellular surfaces. With respect to a possi-
le virucidal activity of spirulan-like substances, a preincubation
xperiment was performed to investigate the direct effect of sub-
tance TK-V3c on the infectivity of HCMV. TK-V3c showed
certain inhibitory capacity when preincubated with the virus

Fig. 2). This effect, however, did not result in a complete block
f viral replication and was quantitatively clearly lower than
hat measured for the preincubation of the cells with the sub-
tance (data not shown). This indicates that an even more effec-
ive antiviral mode of action might result from the binding of
olysaccharides to cellular surfaces. Thereby, polysaccharides
ight interfere with viral entry and induce regulatory stimuli

iving way to intracellular antiviral effects. The latter aspect
ight include signaling processes, changes in cell membrane

roperties or the production of potent antiviral agents such as
nterferons (IFNs). To address the question of IFN induction,
ubstance-treated fibroblasts were investigated for type I IFN
roduction using a commercially available quantitative IFN-

ELISA (IFN-� Module Set; Bender MedSystems GmbH,
ienna, Austria; performed with media samples collected after 7
ays). Neither TK-V2b nor TK-V3b induced significant levels
f IFN-� (<10 pg/ml) up to concentrations of 90 �g/ml. Sec-
ndly, an IFN-�-neutralizing antibody (anti-�-IFN rabbit pAb
o. 407299; Calbiochem) was coincubated in an experimental
etting similar to that described for Fig. 1A. Substance TK-V3c
as used at concentrations of 10, 30 and 90 �g/ml (pre–post-

ncubation) and infected cells were cultivated in the absence
r presence of 100 neutralizing units of anti-IFN-�. Thereby,
nti-IFN-� had no effect on the inhibitory capacity of TK-V3c
owards HCMV replication (data not shown). Moreover, in the
xperiments performed with HSV-1, an IFN-mediated antivi-
al effect can be excluded. For HSV-1 infections, Vero cells
ere used and this cell line possesses a general defect in the
athway responsible for IFN induction (Diaz et al., 1988). Con-
luding, antiherpesviral activity must have other reasons than
FN activity. It seems more likely that the intracellular antiviral
echanism induced by these substances might be linked with
embrane properties and/or signaling processes.

.5. Antiviral activity of spirulan-like substances towards
ther human viruses

As analyzed with an influenza A virus-specific GFP-based
ssay, almost no inhibition of influenza A virus replication was
easured for substances TK-V2b and TK-V3b (Fig. 5A). Even

re–post-incubation of the substances only showed marginal

ffects. Amantadine, a clinical anti-influenza drug which was
sed as a reference substance, produced an antiviral effect in
his assay. Thus, the spirulan-like substances analyzed show an
nti-herpesviral but not an anti-influenza activity in vitro.

p
d
F
a

arch 72 (2006) 197–206

In contrast, a strong antiviral activity of spirulan-like sub-
tances was demonstrated towards HIV-1 (X4-tropic labora-
ory strain NL4-3). All analyzed substances (TK-V2b, TK-V3b
nd TK-V4b) were clearly inhibitory at the concentration of
0 �g/ml (Fig. 5B). At least for the latter two substances, these
ffects were quantitatively comparable to the antiretroviral drugs
ZT and IDV. Interestingly, the inhibitory potential of TK-V4b

owards HIV-1 was identical for pre–post-incubation compared
o an incubation post-virus adsorption alone (post) (Fig. 5C).
his indicates that in case of HIV-1, in contrast to herpesviruses,
iral entry may not be the primary antiviral mechanism. Thus,
ntiviral activity of the analyzed spirulan-like substances is not
estricted to distinct herpesviruses but is also detectable for the
onrelated human immunodeficiency virus. This may indicate a
road-spectrum potential of these substances, possibly resulting
rom a complex mode of antiviral action.

.6. Conclusion: spirulan-like substances are candidates
or the development of broad-spectrum antiviral drugs with
ovel modes of action

Our analysis of a panel of substances isolated from A.
latensis (spirulan-like substances) clearly demonstrated var-
ous antiviral activities (Table 3). Both substance types, i.e.
ubstances isolated from intracellular (TK-V2b) as well as extra-
ellular fractions (TK-V3a/b/c and TK-V4a/b), were active in
he inhibition of viral replication in vitro. In particular the extra-
ellularly derived substances, i.e. TK-V3a/b/c and TK-V4a/b,
howed strong antiviral effects devoid of cytotoxicity in the
elevant range of concentrations. Importantly, these substances
ossess a broad-spectrum antiviral activity which was charac-
erized by strong inhibition of in vitro replication of human
iruses such as HCMV, HSV-1, HHV-6 and HIV-1. This find-
ng encourages a detailed characterization and development of
hese substances in the future. On the one hand, it will be interest-
ng to see possibly further inhibitory effects towards additional
uman viruses which were not included in this study. On the
ther hand, further optimization of the isolation protocol of
ubstances might yield substances with even enhanced antiviral
ctivities. The ongoing biochemical analysis of these substance
reparations indicates the presence of spirulan-like substances,
n addition to a small group of uncharacterized other polysac-
harides and possibly protein components. On this basis, it
eems likely to separate specific antiviral activities from these
ubstances by further fractionation. As described above, the
ntracellular compound TK-V2 was exclusively composed of
olysaccharides, whereas TK-V3 and TK-V4 additionally con-
ained a portion of proteins. An ion exchange chromatography
f TK-V3 indicated that anionic polysaccharides are responsi-
le for the antiviral activity against HCMV. Furthermore, after
he identification of the chemical structures of individual con-
tituents, a chemical modification of active substances might be
challenging long-term goal. Regarding the potential of sulfated

olysaccharides as drug candidates, some problematic aspects
escribed by related studies in the past have to be considered.
irstly, problems may arise from reproducibility of isolation
nd purification of sufficient amounts of pure bioactive sub-
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Fig. 5. Determination of antiviral activity against influenza A virus and human immunodeficiency virus. (A) 293T cells were cultivated in 12-well plates and
transfected with the influenza-specific GFP reporter plasmid as indicated. One day post-transfection, infection was performed with the strain WSN/33 of influenza A
virus. Antiviral substances were added either after virus adsorption (post) or 1 h before as well as during virus adsorption remaining in the culture media throughout the
experiment (pre–post). After 24 h, cell lysates were assayed by automated GFP fluorometry. A mean of four values is presented in each column (transfection/infection
in duplicate and processing of lysates in duplicate). Mock-infected, no infection; GFP alone, pHH21-NP-UTRhi-eGFP reporter transfection without virus infection;
Flu A alone, influenza virus infection without reporter transfection; no inhibitor, transfection/infection without addition of a substance; AMA, amantadine (4 �M).
(B and C) CEMx174-R5LTR-GFPluc cells were infected with HIV-1 strain NL4-3 and incubated with antiviral substances at the indicated concentrations. Five days
p licati
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T

ost-infection, cell lysates were prepared and used for measurement of viral rep
olumn (infection in duplicate and processing of lysates in duplicate). Mock-in
ZT, zidovudine (5 �M); IDV, indinavir (5 �M).

tances (Wagner and Kraus, 2000). In our analysis, however,
clear advantage is provided by the fact that polysaccharides

ave not to be isolated from plants but can be produced in
yanobacteria using the optimized technology of thermally ster-

lizable photobioreactors (Walter et al., 2003). Secondly, it was
eported that sulfated polysaccharides isolated from seaweeds
re poorly absorbed in vivo with a bioavailability of less that
% when given by the oral route (Damonte et al., 2004). This

t
l
t
(

able 3
ubstances TK-V3a and TK-V4b, possessing variable degrees of antiviral activity ag

IC50 [�g/ml]

HCMV HSV-1

K-V3a pre–post 2.2 ± 0.1 2.4 ± 0.01
K-V4b pre–post 2.3 ± 0.3 0.8 ± 0.04

a Batch b was analyzed for HCMV, EBV, Flu A and HIV-1; batch a for HSV-1.
b Batch b for HSV-1, EBV and HIV-1; batch a for HCMV.
on by automated GFP fluorometry. A mean of four values is presented in each
d, no infection; no inhibitor, HIV-1 infection without addition of a substance;

bstacle is mainly due to the polymeric structure and high molec-
lar weight of seaweed-derived polysaccharides. The molecular
eight, however, is lower in the case of polysaccharides pro-
uced by Arthrospira. Thirdly, as the stability of substances in

he plasma is a crucial point, it should be mentioned that the half-
ife of calcium spirulan in murine blood is much longer than
hat of other sulfated polysaccharides such as dextran sulfate
Hayashi et al., 1996b).

ainst selected human viruses

EBV Flu A HIV-1

93.5 ± 0.5 94.6 ± 0.3 3.2 ± 0.6
95.7 ± 0.3 n.d. 2.1 ± 0.05
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Thus, the presented strategy seems promising and might also
acilitate to clarify the modes of action of these substances in
etail. As shown in the present study, more than one mecha-
ism seems to be responsible for antiviral activity, particularly
n the case of HCMV. For HCMV it could be demonstrated
hat an important part of the activity of TK-V3b is directed to
iral entry and another part to intracellular regulation of viral
eplication. Further activities of these substances, such as viru-
idal effects, might play additional roles in the antiviral action
f these substances. This combined effect of several modes of
ntiviral activity might be highly useful in the development of
ovel antiviral drugs. Such substances might have advantages in
erms of lacking an induction of drug resistance. The targeting of
wo or more regulatory steps in the viral replication cycle renders
he quick occurrence of resistance-conferring mutations in the
iral genome unlikely. Combined, the identified spirulan-like
ubstances possess promising antiviral properties regarding a
road spectrum of activity as well as a complex mode of action
nd therefore represent interesting candidates for further drug
evelopment.
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