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a b s t r a c t

Unlike polyribonucleotides, such as poly(I:C), chlorite-oxidized oxyamylose (COAM) has

been poorly characterized as a polyanionic antiviral. COAM possesses a controversial

interferon (IFN)-inducing capacity and its mechanism of action has not been elucidated.

In this study, COAM was biochemically characterized and fractionated according to mole-

cular mass. In comparison with a strong IFN induction and upregulation of the helicase RIG-I

and MDA-5 mRNAs by poly(I:C), COAM did not enhance IFN-a or -b and IFN-inducible RNA

helicases in mouse fibroblastoid cells. Instead, COAM inhibited virus entry by blocking the

attachment to the cells. These results suggest that COAM can alter the outcome of infection,

not by IFN induction and in turn modifying the cellular antiviral state, but through inhibition

of virus entry into cells.
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1. Introduction

The use of monosaccharide derivatives, in particular glucose-

derived iminosugars, with antiviral activity against a broad

spectrum of viruses is well established. Iminosugar deriva-

tives inhibit viral protein folding and secretion and reduce the

infectivity of newly released viral particles, as described for

Human immunodeficiency virus [1], Hepatitis B virus [2], Bovine viral

diarrhea virus [3,4], Dengue virus, Japanese encephalitis virus and

West Nile virus [5]. In comparison to monosaccharide deriva-

tives, little is known about the exact mechanism of antiviral

action of certain polysaccharide derivatives, specifically the

chlorite-oxidized oxypolysaccharides, which are synthetic

polyanions with a polyacetal backbone [6]. Within this group

of polyacetal carboxylic acids, chlorite-oxidized oxyamylose

(COAM) is the major representative, containing antiviral

potencies against viruses of different families including

Influenza virus [7], Foot-and-mouth disease virus [8], Vaccinia virus,
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Vesicular stomatitis virus and Semliki Forest virus [9] and herpes

simplex virus 1 [10]. The mode of action of COAM is

controversial. COAM is thought to protect mice from systemic

viral infection through the enhancement of interferon (IFN)

production, according to the appearance of small amounts of

IFN in the serum of mice upon treatment with high doses of

COAM [9]. Other large polyanionic molecules, such as the

polysaccharides dextran sulfate and heparin have antiviral

effects specifically against several enveloped viruses [11] by

inhibiting virus entry into cells through association either with

viral or cellular receptors [12,13]. Based on its polyanionic

nature and in line with the suggested IFN induction, COAM

might bear a resemblance to the polyanion polyriboinosinic–

polyribocytidylic acid (poly(I:C)). This synthetic double-

stranded (ds) RNA analogue mimics viral infection as dsRNA

operates as a molecular pattern associated with viral infec-

tion, and is generated by many viruses as an intermediate at

some point during their replication cycle [14]. dsRNA is
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recognized by the innate immune system through several

mechanisms, which trigger a prompt antiviral response

resulting in the secretion of antiviral type I IFN-a and -b

and proinflammatory cytokines. Amongst the pathogen

recognition receptors recognizing viral dsRNA as well as

poly(I:C), is Toll-like receptor 3 (TLR-3) which, as a membrane-

bound sensor, can recognize both extracellular and endoso-

mal phagocytosed dsRNA [15,16]. The TLR-3 pathway is

suggested to contribute to innate immune responses against

many viruses including Influenza virus [17], Respiratory syncytial

virus [18], herpes simplex virus 2 [19] and murine cytomega-

lovirus [20]. Cytosolic detection of viral dsRNA and poly(I:C) is

mediated through the helicase family members retinoic-acid-

inducible gene I (RIG-I) and melanoma-differentiation-asso-

ciated gene 5 (MDA-5) thus allowing to directly sense

intracellular viral infection in a TLR-3 independent way [21–

23]. In vitro studies have shown that RIG-I and MDA-5, defined

as RIG-I-like receptors (RLRs), are both capable of responding

to poly(I:C) and RNA viruses [24]. However, they preferentially

recognize different groups of RNA viruses. Studies using RIG-I

and MDA-5-deficient mice reveal that RIG-I is essential in

responding to paramyxoviruses, flaviruses, orthomyxoviruses

and rhabdoviruses, whereas MDA-5 is critical in eliciting host

antiviral responses against picornaviruses [21,25,26]. The TLR-3

and RLR pathways are the two main and distinct routes of

dsRNA detection, both instigating IFN transcription through

activation of the transcription factors interferon regulatory

factor 3 (IRF-3) and nuclear factor-kB [23]. Type I IFN plays a

central role in initiating antiviral innate immunity and

modulating subsequent adaptive immunity in vertebrate hosts.

This cytokine provides an early line of defense against virus

infections by instantly causing cells to adopt a strong antiviral

state and by exerting several immune-regulatory actions aimed

at preventing virus spread, this through the production of

proteins with antiviral, antiproliferative and immunomodula-

tory activities [27,28]. Stimulation of the IFN pathway can result

in ameliorating the outcome of a viral infection.

COAM has been described long ago as an antiviral

compound in different virus models including mengovirus

infection [9]. Mengovirus is a highly virulent murine strain of

Encephalomyocarditis virus (EMCV) and belongs, together with

Theiler’s murine encephalomyelitis virus to the genus

Cardiovirus of the picornavirus family, causing acute myocar-

ditis and encephalitis in mice. In this study, we investigated in

detail the in vitro antiviral profile of COAM against mengo-

virus, studied direct or indirect mechanisms on the mode of

action, and established, against the common concept, that it

does not induce IFN.
2. Materials and methods

2.1. Virus and cell culture

L929 fibroblastoid cells were cultured in minimal essential

medium (MEM; Invitrogen, Paisley, UK), supplemented with

10% heat-inactivated fetal calf serum (FCS; Hyclone, Logan,

UT, USA), 2 mM L-glutamin (Invitrogen) and 0.1% sodium

bicarbonate (Invitrogen). Mengovirus was propagated as

described [9]. The maintenance medium for virus propagation
on monolayers of L929 cells contained 2% FCS. Cells and virus

were cultured at 37 8C in a 5% CO2 atmosphere. Mengovirus

stock titers were determined by endpoint titration for the

calculation of the 50% cell culture infective dose (CCID50).

2.2. Compounds

COAM, a polyacetal carboxylic acid, is a polysaccharide-

derived polyanion with a backbone consisting of –C–C–O–C–O–

sequences with two attached carboxyl groups. COAM was

prepared by a two-step oxidation of amylose, as described

previously [6]. In the first oxidation step with periodate, cyclic

monosaccharide structures were cleaved between two carbon

atoms, yielding a polymer containing two aldehyde functions,

called oxyamylose. The aldehyde functions are converted into

carboxyl functions by oxidation with sodium chlorite. The

endotoxin content of the product batches were determined by

the Limulus amebocyte lysate test (Lonza, Verviers, Belgium).

The COAM preparations were subjected to SDS-PAGE electro-

phoresis and any protein contamination was visualized with

Coomassie Brilliant Blue R-250 (Sigma–Aldrich, St. Louis, MO,

USA) or with silver staining (SilverquestTM Silver Staining Kit;

Invitrogen). For mass spectrometry analysis, COAM (1 mg) was

dissolved in 30 ml of 50% CH3CN/ 50% H2O/ 0.1% CH3COOH and

was analyzed by electrospray ion-trap mass spectrometry in

the negative mode with an Esquire_LC apparatus (Bruker,

Bremen, Germany). Poly(I:C) was obtained from Sigma–

Aldrich. All compounds were resuspended in sterile phos-

phate buffered saline (PBS; Lonza) for experimental use. Other

chemicals used in mass spectrometry analysis and chroma-

tography were purchased from Sigma–Aldrich.

2.3. Gel filtration chromatography

COAM preparations were fractionated by molecular sieving.

For analytical fractionation, samples of 50 mg COAM from two

different syntheses were applied on a Superdex 200 10/300 GL

column (GE Healthcare, Chalfont St. Giles, UK) and equili-

brated with 0.1 M NH4HCO3 pH 7.8 at a flow rate of 0.3 ml/min.

Fractions of 0.4 ml were collected and, after lyophilization, the

COAM content was quantified by weight. Subsequently, 8

fractions containing in total 7.9 mg high MW COAM were

pooled and concentrated for rechromatography under the

same conditions. Preparative fractionation of COAM was

obtained with 700 mg preparation on a Hiload 16/60 Superdex

200 column (GE Healthcare) in 0.1 M NH4HCO3 pH 7.8 at a flow

rate of 0.5 ml/min. Fractions of 0.4 ml were lyophilized and the

COAM content was quantified. The columns were calibrated

with a protein mix containing thyroglobulin (669 kDa), ferritin

(440 kDa), IgG (150 kDa), bovine serum albumin (67 kDa),

ovalbumin (43 kDa), cytochrome c (13 kDa) and vitamin B12

(1355 Da), all purchased from Sigma–Aldrich. The sizes of the

COAM variants (and fractions) were expressed in relative

protein equivalent molecular weights.

2.4. RNA extraction

Viral RNA from cell culture supernatant and total cellular RNA

was extracted using the E.Z.N.A.TM Viral RNA Kit (Omega Bio-

Tek, Doraville, GA, USA) and the E.Z.N.A.TM Total RNA Mini Kit
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(Omega Bio-Tek), respectively. Extractions were performed

according to the manufacturer’s instructions.

2.5. Absolute quantitation of mengovirus RNA by qRT-
PCR

Using Primer Express v2.0 software (Applied Biosystems,

Foster City, CA, USA), optimal primer and probe targets that

are compatible with TaqMan1 PCR requirements were

selected to amplify a region of 67 nucleotides in the

mengovirus 3D gene that is encoding the RNA-dependent

RNA polymerase. (forward primer: 50-CCG ACA TTG TCT ATC

AGA CAT TCC-30(Operon Biotechnologies, Cologne, Germany);

reverse primer: 50-TTG GCG GCT TGT ACC TTC TC-30c (Operon

Biotechnologies); TaqMan1 probe: 50-CAA GGA CGA GCT TAG

AC-30 (Applied Biosystems)). The TaqMan1 probe was labeled

with 6-carboxy-fluorescein (FAM) at the 50-end and contained

a non-fluorescent quencher and a minor groove binder at the

30-end. Quantitative RT-PCR (qRT-PCR) assays were performed

using the Eurogentec One step RT qPCR kit (Eurogentec,

Seraing, Belgium) in an ABI Prism 7000 Sequence Detection

System (Applied Biosystems) and analyzed with Sequence

Detection System software version 2.1 (Applied Biosystems).

Reactions were carried out in a final volume of 25 ml containing

5 ml of extracted RNA or standard cRNA, 12.5 ml of One step RT

qPCR Mastermix containing ROX as a passive reference,

900 nM forward and reverse primer, 200 nM probe and

0.125 ml Euroscript/RNase Inhibitor. Reverse transcription

was initiated at 48 8C for 30 min, followed by PCR activation

at 95 8C for 10 min and a two-step amplification program of 45

cycles at 95 8C for 15 s and 60 8C for 1 min. The FAM reporter

dye signal was measured against the internal ROX reference

dye to normalize for non-PCR-related fluorescence emissions.

The threshold cycle (Ct) was defined as the fractional cycle

number at which the reporter fluorescence, generated by

cleavage of the probe, reaches a threshold defined as 10 times

the standard deviation of the mean baseline emission

calculated for PCR cycles 3 tot 15. To calculate the absolute

number of viral genome copies, a mengovirus cRNA standard

was made through in vitro transcription with the MEGAshort-

scriptTM T7 High Yield Transcription Kit (Ambion, Austin, TX,

USA) as described previously [29]. Briefly, the TaqMan1

mengovirus forward primer was modified with a T7 promotor

sequence at its 50-end (50-TAA TAC GAC TCA CTA TAG GGA GG).

PCR products amplified with the modified primer pair were

quantified spectrophotometrically at 260 nm. After in vitro

transcription and purification of 200 ng of the PCR products, the

OD260 was determined and quantitation of cRNA was done in

duplicate and converted to the molecule number [30].

2.6. Relative quantitation of IFN, RIG-I and MDA-5 mRNA
by qRT-PCR

Primer and probe mixes specific for mouse IFN-a4, IFN-b, RIG-I

or MDA-5 were purchased from Applied Biosystems. qRT-PCR

reactions were carried out in a total volume of 20 ml, contain-

ing 125 ng of extracted RNA, 10 ml of One step RT qPCR

Mastermix, 1 ml primer/probe mix and 0.2 ml Euroscript/RNase

Inhibitor. The qRT-PCR conditions consisted of an RT step at

48 8C for 30 min, an activation step at 95 8C for 10 min followed
by 40 cycles of 15 s at 95 8C and 1 min at 60 8C. 18S rRNA

(Applied Biosystems) was included as an endogenous refer-

ence gene for normalization of target mRNA transcripts. The

fold change in gene expression normalized to 18S rRNA and

relative to the untreated control was determined according to

the comparative DDCt method [31].

2.7. Antiviral experiments using a cell viability assay or
qRT-PCR

L929 cells were seeded in 96-well plates at 10,000 cells per well

and incubated for 3 days until confluency was reached. Cells

were treated with different concentrations of COAM and

inoculated with mengovirus at 10 CCID50. Mock-infected

controls and untreated virus controls were included. After

48 h incubation at 37 8C, cell viability was scored by the 3-(4,5-

dimethyl-thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium salt (MTS)-based colorimetric assay

(Promega, Leiden, The Netherlands). The number of viable

cells per well was quantified after a 3-h incubation with MTS in

which the reduction of MTS by mitochondrial dehydrogenases

to a soluble colored formazan was measured in a spectro-

photometer at 492 nm. The percentage cell viability was

calculated [32] in order to determine the antiviral activity and

cytotoxicity. Estimation of the reduction of viral replication

was conducted in a separate experiment with a similar set-up.

Cells were inoculated with virus and treated with COAM

during 24 h at 37 8C. Viral extracts of the culture supernatants

were subjected to mengovirus qRT-PCR.

2.8. Virucidal assay

Virucidal activity was evaluated by the exposure of mengo-

virus to different concentrations of COAM. Equal volumes of a

mengovirus suspension containing 10 CCID50 and COAM were

mixed and incubated at 37 8C during 2, 4 or 6 h. After each

incubation period, the virus/drug mixtures were diluted 100-

fold to achieve final COAM concentrations with no inhibitory

effect and plated on L929 monolayers to initiate infection.

Residual infectivity was determined by cell viability scoring

with the MTS assay.

2.9. Time-of-addition study

The antiviral activity of COAM was evaluated at various time

points during mengovirus infection. Confluent monolayers of

L929 cells were infected with a mengovirus input of 10 CCID50

and subsequently treated with 1 mg/ml COAM during viral

infection for 1 h, during viral infection and throughout an

incubation period for 12 h, or for different time intervals after

infection. Cell culture supernatants were harvested at 12 h p.i.

and viral RNA was extracted and subjected to mengovirus

qRT-PCR.

2.10. Virus attachment assay

Antiviral activity during the process of viral attachment to

L929 cells was assessed. L929 monolayers were seeded in 24-

well plates, grown until confluency and were pre-chilled at

4 8C. The monolayers were inoculated with 100 CCID50
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mengovirus inthe absenceorpresenceofCOAM concentrations

ranging from 0.1 to 1000 mg/ml, each concentration in triplicate.

Virus in the absence or presence of COAM was allowed to attach

for 60 min at 4 8C, medium was aspirated and cells were washed

three times with PBS to remove any unattached virus particles.

The monolayers were then incubated for a further 8 h. After

three consecutive freeze/thaw cycles, bound virus particles

were measured with mengovirus qRT-PCR. Endocytosis does

not occur at a low temperature of 4 8C, thus a one-hour

incubation at 4 8C permits the attachment of the virus to the

cells, but not endocytosis.

2.11. Induction assays

L929 cells were plated in a 24-well format and incubated until

confluency was reached. The cells were treated with 1 mg/ml

COAM or 10 mg/ml poly(I:C). Untreated control cells were

included. At the indicated time points, culture supernatant

was collected, total cellular RNA was isolated and mRNA

expression levels for IFN-a4, IFN-b, RIG-I and MDA-5 were

determined by qRT-PCR. IFN-a and -b protein concentrations in
Fig. 1 – Structural analysis of COAM by mass spectrometry. (A)

subunits, as derived from glucose units in amylose. The calcula

indicated. (B) COAM was subjected to electrospray ion-trap mass

ions were observed. The mono-isotopic masses of particular in

differences between ions of specific fragmentation series are al

spectrum of panel B, was isolated in the trap and further fragm
L929 supernatants were quantified using the VeriKineTM Mouse

Interferon Alpha ELISA Kit and VerikineTM Mouse Interferon

Beta ELISA Kit (PBL InterferonSource, Piscataway, NJ, USA),

respectively, and according to the manufacturer’s instructions.

2.12. Statistical analysis

All results are shown as mean � S.E.M. Statistical analyses

were performed using Prism1 5 software (GraphPad, San

Diego, CA, USA). Differences between treatment and control

groups were evaluated using the Mann–Whitney test. A p-

value of <0.05 was considered statistically significant.
3. Results

3.1. Synthesis and purification of COAM

COAM (Fig. 1A) was synthesized as described [6] and the

preparations were structurally and biochemically analyzed by

electrospray ion-trap mass spectrometry. Because of the size
The structural unit of COAM is shown, with alternating

ted mono-isotopic masses of these subunits are also

spectrometry in the negative mode. Mostly single charged

dividual ions are indicated on top of the peaks. Mass

so indicated. (C) One ion (574.8 Da), observed in the

ented and analyzed.



Fig. 2 – Gel filtration chromatography of COAM. (A)

Analytical fractionation. Fifty milligrams of the COAM

mixture was separated by gel filtration chromatography

on a Superdex 200 10/300 GL column. After fractionation of

COAM, pooled high molecular weight (MW) fractions were

applied and eluted on the same gel matrix. This resulted

in the expected similar elution position, which implies the

chemical stability of the fractions. The hatched area

indicates the pooled fractions. (B) For preparative

fractionation of COAM, 700 mg of the mixture was

separated on a Hiload 16/60 Superdex 200 column. A

rechromatography of pooled fractions eluted at the same

positions (shown as hatched areas). Both columns were

first equilibrated and calibrated with a mixture of protein

standards. The elution positions of these proteins are

indicated in Da as size references, ranging from

thyroglobulin (669 kDa), ferritin (440 kDa), IgG (150 kDa),

bovine serum albumin (67 kDa), ovalbumin (43 kDa),

cytochrome c (13 kDa) to vitamin B12 (1355 Da).
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and the low stability of the polymer in the gas phase, the

COAM molecules were fragmented in source during the

electrospray ionisation. The resulting fragmentation pattern

in the mass spectrum revealed the polymeric nature of the

molecule, with alternating ‘subunits’ of 118 and 74 Da (Fig. 1B).

These alternating subunits originate from the chlorite oxida-

tion of the glucose units of amylose during the synthesis of

COAM and correspond with its predicted structure. The

complexity of the mass spectrum is also in part due to the

presence of Na+ adducts (addition of 22 Da) and partially

dehydrated species (�18 Da), which are probably formed

during the ionisation. One of the ions (574.8 Da) was isolated

in the trap and further fragmented (Fig. 1C), showing that this
ion consisted of 3 ‘subunits’ of 118 Da alternated with 3

‘subunits’ of 74 Da. These results confirm the predicted

structure of the COAM unit.

With further quality controls of the synthetic product it

was established that COAM was endotoxin-free (less than

13.3 pg/mg) and devoid of protein contamination as deter-

mined by both Coomassie Blue and silver staining following

gel electrophoresis. The COAM mixture is water-soluble and

was fractionated by gel filtration chromatography as shown in

Fig. 2. A standard protein preparation was used to calibrate the

gel matrix and the COAM fractions were expressed in relation

to these protein standards. The reproducible separations were

collected in three different fractions according to molecular

weight (MW), corresponding to high MW, low MW and very

low MW COAM polymer fractions. Upon rechromatography,

the selected high MW COAM preparation eluted at a similar

retention volume as the pooled fraction. These observations

showed that the fractions were chemically stable, that no

interaction occurred between COAM and the column matrix

and that the COAM polymers possessed a heterogenic MW.

3.2. COAM is not an IFN inducer

In previous studies, the mechanism of antiviral resistance of

COAM was partly explained by the induction of IFN [9], as

small amounts of the cytokine were detected in vivo. Other

authors questioned this explanation [33], eventually suggest-

ing that the IFN, induced in vivo, results from the virus

challenge. Meanwhile, however, the mechanism of action of

poly(I:C) is established to be by TLR-3-mediated IFN induction.

Therefore, we investigated whether COAM could enhance the

in vitro expression of IFN-a and -b and RLRs, in comparison

with poly(I:C), by the sensitive measurement of mRNA levels.

L929 cells were incubated with COAM or poly(I:C) and after the

indicated time period, cell extracts were subjected to qRT-PCR.

Our results, shown in Fig. 3, demonstrated that poly(I:C)

significantly upregulated the expression of RIG-I (Fig. 3A) at 4, 8

and 16 h incubation. Likewise, the incubation of poly(I:C)

induced a significant increase of MDA-5 mRNA at 4 and 8 h

incubation time (Fig. 3B). The upregulation of both RIG-I and

MDA-5 by poly(I:C) as early-expression genes significantly

decreased in a time-dependent manner. For IFN-b, mRNA

levels started to rise significantly at 16 h after induction with

poly(I:C) and increased time-dependently (Fig. 3C). A signifi-

cant upregulation of IFN-a4 mRNA was detected after 16 h of

incubation with poly(I:C) (Fig. 3D). This observation is in line

with a previous published report [34]. On the contrary, the

mRNA expression levels of the RNA helicases and IFN-a and -b

remained unaltered when cells were incubated with COAM

(Fig. 3A-D). The mRNA analysis of IFN-a and -b was

comparable to the amounts of secreted IFN protein measured

by ELISA. No IFN-b protein secretion by L929 cells was detected

after incubation with COAM (Fig. 4). Similar to the mRNA

analysis, poly(I:C) significantly stimulatedthesecretion of IFN-b

(Fig. 4). IFN-a protein levels remained below the detection limit

of the assay for both the COAM and poly(I:C) incubations (data

not shown). Although COAM and poly(I:C) share similar

polyanionic features, they differed from each other in the

potential to induce IFNs and RLRs. In contrast with poly(I:C),

these results show that the antiviral effect of COAM can not be



Fig. 3 – COAM does not act as an inducer of RIG-I-like receptors and IFNs. Monolayers of L929 cells were incubated with 1 mg/

ml COAM or 10 mg/ml poly(I:C) for various time intervals. After the indicated incubation period, cells were disrupted and

lysed and total cellular RNA was subjected to qRT-PCR. RIG-I (A), MDA-5 (B), IFN-b (C) and IFN-a4 (D) mRNA expression

levels were measured and normalized against untreated controls. Dotted lines represent the threshold for determination of

fold expression levels. Data represent mean values W S.E.M. of three independent experiments. Compared with the cell

controls, significant p-values of p < 0.05 (*) and p < 0.005 (**) were obtained.
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addressed to a direct or indirect induction of an antiviral state

through IFN upregulation by activation of RLR gene expression.

3.3. The antiviral effect of COAM is dependent on polymer
length

To study further the mechanism of action of COAM, a set of in

vitro experiments was conducted to evaluate if COAM might
Fig. 4 – IFN-b protein secretion by L929 cells. Supernatants

of L929 cells incubated with COAM or poly(I:C) were

collected after the indicated incubation periods and the

amount of secreted mouse IFN-b protein was determined

by ELISA. Data represent mean values W S.E.M. of at least

three replicates. Significant p-values of p < 0.05 (*) were

obtained for poly(I:C) incubations as compared to the cell

controls.
exert an inhibitory and dose-related antiviral effect on

mengovirus infected mouse L929 cells. The potential in vitro

activity of COAM against mengovirus was first investigated by

evaluation of cell viability as an indirect parameter. L929 cells

were treated or not with different doses of COAM and

challenged with 10 CCID50 mengovirus. When the induced

cytopathogenic effect (CPE) in untreated cells reached 90–

100%, the cell viability was measured by the formazan-based

MTS assay. The calculated percentage of protected cells

depended on the COAM concentration. At least 200 mg/ml

COAM was required to obtain a protective effect (Fig. 5A) and

the 50% inhibitory concentration (IC50) was more than 500 mg/

ml. The cytotoxicity was measured in parallel with the

antiviral activity. COAM concentrations of up to 2 mg/ml did

not induce any cytotoxic effect in L929 cells in a comparison of

cell viability between treated cells and untreated controls. In a

next step, differences in antiviral activity between COAM

fractions of varying polymer length were compared. COAM

fractions ranging from high to very low MW were compared

with the mixture of COAM in the formazan-based MTS assay

(Fig. 5B). Fractions with high MW displayed a significant better

antiviral profile in comparison with the mixture, yielding a 30

to nearly 40% better protection for 250 and 500 mg/ml,

respectively. The administration of COAM molecules of low

MW did not significantly differ from the mixture and provided

an effective protection at high concentrations, whereas very

low MW COAM molecules did not contribute to the antiviral

effect.



Fig. 5 – In vitro antiviral effect of COAM. L929 cells were challenged with mengovirus and treated with different

concentrations of COAM in a 96-well format. (A) The viability of infected cells treated with different concentrations of COAM

was colorimetrically analyzed with an MTS assay 2 days after virus inoculation with 10 CCID50 mengovirus. The percentage

of protected cells against virus infection was calculated. (B) COAM fractions of molecular weight (MW) ranging from high

MW to very low MW were evaluated in comparison with the COAM mixture, based on the protection of cells two days after

virus challenge with 10 CCID50 mengovirus. In addition, uninfected cells without COAM addition and uninfected cells with

COAM addition at 250, 500, 750, 1000 and 2000 mg/ml did not show any cytotoxicity. Significant p-values of p < 0.05 (*) were

obtained between 250 and 500 mg/ml of the mixture compared with the high MW fraction. All data represent mean

values W S.E.M. of at least three independent experiments.
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3.4. Mengovirus quantitative RT-PCR and effect of COAM
on mengovirus RNA replication

In vitro transcribed mengovirus copy RNA (cRNA) molecules

were used to generate a standard curve (Fig. 6A) which allowed

the estimation of the absolute number of mengovirus genome

copies in a sample. Duplicate tenfold dilutions of the cRNA

standard corresponding to 2 � 101 to 2 � 108 mengovirus cRNA

transcripts per reaction mixture were prepared and amplified

in parallel with equal volumes of the samples. For each

analysis, this resulted in a standard curve with a correlation

coefficient of �0.99 which allowed to calculate the absolute

number of virus RNA copies and to generate the linear

regression curve. The detection limit of the mengovirus qRT-

PCR assay was determined by amplifying, in triplicate, tenfold

serial dilutions of the mengovirus standard ranging from 2 to

2 � 1012 cRNA transcripts. The results were analyzed in terms

of the Ct value, which is the PCR cycle in which a target

sequence is first detected. With the mengovirus qRT-PCR

assay we were able to detect tenfold differences in concentra-

tion over a range from 2 � 101 to 2 � 108 RNA copies per

reaction resulting in a dynamic range that covers 7 log10 units,

with corresponding Ct values spanning from 38.22 � 0.29 to

15.40 � 0.06 (Fig. 6B). Alternatively to an indirect measurement

of antiviral activity based on cell viability, the effect of COAM

was investigated by absolute quantitation of mengovirus

genome equivalents in supernatants of infected L929 cells.

Mengovirus qRT-PCR results were analyzed in terms of the

inhibition of virus replication as shown in Fig. 6C. COAM

displayed a dose-dependent reduction in virus replication

with inhibition percentages of more than 50% for COAM

concentrations higher than 2 mg/ml. Concentrations of 500 mg/

ml COAM and higher yielded nearly 100% inhibition of virus

replication. The lowest concentration tested, 0.08 mg/ml, still

yielded an average inhibition of virus replication of 13.6%.
Thus, in this experimental system, viral progeny determina-

tion through qRT-PCR was a more sensitive method for the

detection of an antiviral effect than the cell viability assay.

Furthermore, no direct inactivating effect, based on cell

viability, of COAM against mengovirus was observed when

COAM was incubated with the virus prior to infection (data not

shown).

3.5. COAM inhibits mengovirus entry

Time-of-addition experiments were performed to investigate

the effect of COAM on the virus replicative cycle, by treatment

of L929 cells with 1 mg/ml COAM at different time points after

infection. An administration scheme is given in Fig. 7A. When

administered simultaneously with the virus at the start of

infection and removed again 1 h p.i., COAM was thus allowed

to interact with the host cells only at a very early replication

stage of the virus. When administered at later time points up

to 7 h p.i., the post-adsorption replication stages, early or late,

can be ruled out as contributing to the antiviral effect. Twelve

hours p.i. cell culture supernatants were collected and

subjected to mengovirus qRT-PCR and absolute virus quan-

tities were converted to the percentage virus replication. The

results showed that COAM almost completely inhibited virus

replication when added at 0–1 h, during virus adsorption, or at

0–12 h, during and after virus adsorption (Fig. 7B). When COAM

was added at later time points, starting at 1 h p.i. and thus after

adsorption, virus replication increased, indicating that COAM

affects an early stage of mengovirus infection. The inhibitory

effect of COAM on early steps of mengovirus replication was

also investigated by assessing the amount of bound virus

particles when different concentrations of COAM were

present during 1 h viral attachment at 4 8C. As illustrated in

Fig. 7C, mengovirus attachment was inhibited by 74.3% at a

high concentration of COAM (1000 mg/ml). Thus, COAM was



Fig. 6 – Effect of COAM on mengovirus progeny detection

with qRT-PCR. (A) Tenfold serial dilutions ranging from

2 T 101 to 2 T 108 in vitro transcribed mengovirus cRNA

molecules allowed to construct a standard curve with a

slope of S3.74 and a correlation coefficient of 0.999. Cycle

threshold (Ct) values are plotted against the input

amounts of mengovirus cRNA. The Ct value to detect a

single target molecule, the Y-intercept, was 42.40. (B) qRT-

PCR reactions of tenfold serial dilutions of the mengovirus

cRNA standard were analyzed to determine the detection

limit of the assay. The amplification graph was generated

by plotting the normalized fluorescence against the qRT-

PCR cycle number. The dynamic range of the qRT-PCR

assay covers 7 log10 units. (C) Cells were treated with

different concentrations of COAM and subsequently
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effective at inhibiting the infectivity of mengovirus particles

that had been prebound at 4 8C. We also checked whether

COAM might shield the virus directly, thus preventing

attachment or entry. However, virus preparations containing

10 CCID50 pretreated with COAM concentrations up to 1000 mg/

ml and thereafter diluted 100 times retained full infectivity

comparable to that of 0.1 CCID50. In conclusion, the antiviral

resistance of COAM can be attributed to an interaction with

early steps in the virus replication cycle, most likely during

virus attachment and a high dose of 1000 mg/ml COAM is

necessary to obtain a direct antiviral effect in vitro.
4. Discussion

Early studies on polyacetal carboxylic acids as a group of

antiviral polyanions indicated that COAM is a promising

antiviral agent against a broad spectrum of viruses [6,7,9].

Unfortunately, comprehensive investigations on the mode of

action remained insufficiently established. In this study we

first performed a refined biochemical analysis and extensive

quality control of COAM preparations. COAM was thus

subjected to ion-trap mass spectrometry analysis, which

showed a repetitive pattern of peaks. In this way, the

structural unit of the polymer was corroborated. In addition,

the COAM preparation was characterized to be devoid of

protein and endotoxin contamination. Furthermore, with the

use of gel filtration chromatography, COAM fractions with

different polymer sizes were isolated. Three major MW

fractions were separated and compared in vitro. The data

indicated that COAM fractions of high MW (long polymer

chains) showed an enhanced antiviral effect when compared

with low MW COAM. This finding is in line with the previous

observation that other antiviral polyanions like dextran

sulphate, show a marked enhancement of antiviral activity

when the MW increased [11]. For polyanions in general, large

molecules (�5 kDa) with sufficient negative charges are

indispensable in order to exert efficient in vitro antiviral

activity [35]. Indeed, our results showed that COAM fractions

of very low MW displayed little antiviral activity on cell

culture, whereas fractions of higher MW were more efficient.

Comparing the antiviral effect of COAM in vitro and in vivo [9],

the dose of COAM required to obtain an in vivo effect is 10–100

times lower than the concentration needed for the same in

vitro effect, if one considers an equal distribution in vivo.

Either the effect of COAM in vivo is aided by bystander

immunological mechanisms, or the local concentrations of

the product might be higher than those based on an equal

body distribution or a combination.

Former attempts in exploring the mechanism of antiviral

resistance of COAM were primarily focused on the modifica-

tion of the host antiviral response, in particular through the
infected with 10 CCID50 mengovirus. One day post-

infection, the culture supernatants were collected, viral

RNA was extracted and the reduction of virus replication

was measured with mengovirus qRT-PCR. Antiviral

activity was estimated in terms of the percentage of

inhibition of virus replication. All data represent mean

values W S.E.M. of at least six replicates.



Fig. 7 – COAM interacts with early steps of virus replication. (A) Time-of-addition scheme. COAM was administered to

confluent L929 monolayers during different time periods of a mengovirus replication cycle. Grey horizontal bars indicate

the time point from which COAM was added and the duration of incubation on mengovirus infected cells. (B) Twelve hours

after virus infection, cell culture supernatants were collected and the extracellular mengovirus replication was evaluated by

viral RNA quantitation with qRT-PCR. Data represent mean values W S.E.M. of three independent experiments. VC = virus

control. (C) The effect of COAM on mengovirus attachment was studied by incubating L929 monolayers with 100 CCID50

mengovirus at 4 8C for 1 h in the presence of various concentrations of the test compound. Unattached virus particles and

compound were removed by washing the cells with PBS. After a further incubation of 8 h, the amount of bound virus

particles was measured in terms of viral RNA copies using mengovirus qRT-PCR. Data represent mean values W S.E.M. of

six different cell cultures.
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IFN pathway. By systemic administration of a high dose of

COAM small amounts of IFN were detectable in the circulation

after viral challenge [9]. Some studies even reported that

COAM acted as an adjuvant upon treatment with poly(I:C),

hereby increasing the serum IFN titer 6- to 100-fold [33,36].

However, such a combined treatment did not increase the

protection against infection and COAM alone did not induce

measurable levels of IFN [36]. Poly(I:C), an established IFN-

inducing agent, is structurally similar to COAM, based upon

their polyanionic natures. The present study, however,

provides evidence that COAM does not share the IFN

enhancing capacity of poly(I:C). Hence, the antiviral effect of

COAM must be attributed to other mechanisms, as upregula-

tion of IFN-a and -b and of RNA helicases RIG-I and MDA-5 was

absent in vitro.

In general, antiviral polyanions appear to interact with the

fusion of the virus with its target cell membrane. Some anionic

polymers are believed to interact specifically with the virus

rather than with the cell membrane, as shown for heparin and

dextran sulphate, which exert virucidal activity against EMCV

and Theiler’s encephalomyelitis virus [37,38]. From our

results, however, it was deduced that COAM did not inactivate

the virus particle in its extracellular state, thus supporting the

view that COAM did not combine with the virus particle. The

time-of-addition and attachment assays indicated that COAM

is likely to interfere with very early steps of the virus

replicative cycle, at a stage when infection is not yet fully

established. Taken together, these data point to the attach-

ment of the virus to the cell membrane as the target of

antiviral action. Most likely COAM inhibits the attachment

through formation of a shielding matrix against the virus on

cell membrane receptors.

In conclusion, this study provides evidence that COAM

displays distinctive antiviral actions, compared to other poly-

anions, such as poly(I:C). Our results reinforce the idea that
COAM – unlike poly(I:C) – is not an IFN enhancer, but instead

exerts its antiviral effect by prohibiting virus attachment.
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