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Abstract

The human mouth is an important route of viral transmission and evidence exists that human
saliva can neutralize some viruses, e.g. herpes simplex type 1 (HSV-1) and human immunodefi-
ciency virus (HIV) in vitro. However, little is known of the actual antiviral agents in saliva. We
have analyzed how hypothiocyanite (HOSCN/ OSCN) ions, present in human saliva and
generated by salivary peroxidase systems, affect the viability of three different types of viruses:
HSV-1 (capable of inducing oral lesions), respiratory syncytial virus (RSV, respiratory infections),
and echovirus 11 (EV 11, enteric diseases). Viral suspensions were pretreated (30 min) with
HOSCN/ OSCN concentrations up to 180 uM both at pH 6.0 and 7.1 and inoculated into
human gingival fibroblasts. The cultures were incubated at 37°C for 18-48 h, fixed and the
infected cells were counted after immunoperoxidase staining. HSV-1 was most sensitive to
HOSCN/ OSCN with an ICs, of 85 uM at pH 6.0 and an ICg, of 20 uM at pH 7.1,
respectively. RSV was inhibited by HOSCN/ ~ OSCN only at pH 6.0 with an IC;, of 8.0 uM.
EV 11 was also resistant at neutral pH, but sensitive at pH 6.0 with an IC,, of 68 pM. In contrast
to HSV-1 and RSV, the inhibition of EV 11 was not dependent on the concentration of
HOSCN/ " OSCN. The inhibition was in all cases stronger at pH 6.0 than at neutral pH. Our
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results suggest that hypothiocyanite, a normal component of human whole saliva, in physiological
concentrations effectively inhibits HSV-1 and RSV at acidic pH, whereas EV 11 is more resistant
in vitro.
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1. Introduction

Human saliva contains a number of antimicrobial agents which control the multiplica-
tion and metabolism of various oral bacteria and fungi (Mandel, 1987). These agents
include both innate, non-immunoglobulin (lysozyme, lactoferrin, peroxidases, agglu-
tinins, histidine-rich peptides) proteins as well as acquired factors, such as IgA, IgG and
IgM antibodies (Brandtzaeg, 1989; Tenovuo, 1989). A large number of studies on their
effects on bacteria and fungi are available, but much less is known of their possible
effects against viruses. We considered this an important issue, since the human mouth is
a major port of entry for viruses into the human body and saliva is the first body fluid to
come into contact with orally transmitted viruses.

Although some studies have shown that human saliva can inhibit viruses, such as
herpes simplex type 1 (HSV-1) (Gyselink et al., 1978) and human immunodeficiency
virus type 1 (HIV) (Fox et al., 1988; Archibald and Cole, 1990; Fox, 1992; Archibald et
al., 1993; Robinovitch et al., 1993), very little is known of the actuai antiviral agents
present in saliva. Archibald and Cole (1990) identified anti-HIV activity in submandibu-
lar / sublingual saliva, but not in parotid saliva. The anti-HIV activity seemed to be
associated with the presence of salivary mucins. In contrast to HIV, HSV-1 neutralizing
activity also exists to some extent in human parotid saliva (Bergey et al., 1993), but the
main part of inhibition against HSV-1 seems to be due to serum-derived IgG antibodies
present in whole saliva (Gyselink et al., 1978).

Interestingly, peroxidase-mediated antimicrobial systems present in human saliva
effectively inhibit both HIV (Pourtois et al., 1990, 1991; Yamaguchi et al, 1993),
HSV-1 (Courtois et al., 1990), and polioviruses (Belding et al., 1970) in vitro. In the
present study, we have analyzed the inhibitory activity of the antibacterial / antifungal
hypothiocyanite (HOSCN/~ OSCN) ions, produced by the oral peroxidase/
SCN~/H,0, system, against three different types of viruses. The viruses chosen for
this study were HSV-1 (an oral pathogen), respiratory syncytial virus (RSV, a respira-
tory virus) and echovirus 11 (EV 11, an enteropathogen). These three different viruses
were chosen to represent the assumed differences in their ability to escape saliva-media-
ted virucidal systems, such as HOSCN/~ OSCN.

2. Materials and methods

2.1. Cells and viruses

All experiments were done with human gingival fibroblasts (HGFs), which were
isolated from clinically healthy gingiva of a 27-year-old woman. These cells, previously
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characterized by Kihiri et al. (1991), were used between passages 6 and 12 for the
experiments. The viruses used were HSV type 1 (HSV-1, strain F), RSV (RSV; strain
Randall) and echovirus 11 (EV 11; strain Gregory). HSV-1 and EV 11 were obtained
from the American Type Culture Collection (ATCC, Rockville, MD). EV 11 was
plaque-purified and shown to be neutralized with specific antiserum (ATCC) (Auvinen
and Hyypii, 1990). RSV originated from Dr. Taylor-Robinson (Harvard Hospital,
Salisbury, UK) and it was plaque-purified before the current studies. Working stocks
were produced in HGFs and stored frozen at —80°C. The titers of the stocks were
2.0 X 10°, 2.7 X 10° and 6.7 X 10 plaque-forming units (PFU)/ ml for HSV, RSV and
EV 11, respectively.

2.2. Preparation of cell cultures

Approximately 80,000 HGF cells in 1.0 ml of Dulbecco’s modification of Eagle’s
medium (Gibco BRL, Paisley, UK), containing 10% fetal calf serum (FCS; PAA Labor-
und Forschungsges. M.B.H., Linz, Austria) and antibiotics, were seeded in 24-well
tissue culture clusters (Costar, Badhoevedorp, The Netherlands) and incubated at 37°C
until confluency. Prior to the addition of the studied agent, growth medium was replaced
by 800 ul of maintenance medium supplemented with 2% of FCS and antibiotics.

2.3. Preparation of the HOSCN /~ OSCN-virus mixtures

Lactoperoxidase (LP), prepared from bovine milk, was a product of Sigma Chemical
Co. (St. Louis, MO) and had a purity index (A,;,/A,z,) of 0.81. Human salivary
peroxidase has several characteristics in common with LP (M&nsson-Rahemtulla et al.,
1988), so that in spite of some differences in many physical and kinetic properties, LP is
frequently used as a model of salivary peroxidase in microbiological studies (Tenovuo,
1991). (Nbs), [5,5'-dithiobis(2-nitrobenzoic acid)] was purchased by Aldrich Chemical
Co. (Milwaukee, WI). Before use it was reduced to Nbs (5-thio-2-nitrobenzoic acid)
with 2-mercaptoethanol as described previously (Pruitt et al., 1983). Hydrogen peroxide
was obtained as a 30% solution (E. Merck AG, Darmstadt, Germany) and stored at 4°C.
Potassium thiocyanate (KSCN) was a product of E. Merck AG. The VMG buffer,
containing (in mmol /1) 74 NaCl, 6 KCl, 4 Na,HPO, X 7 H,0, 7 KH,PO,, 2 CaCl,, 46
sodium B-glycerophosphate and 0.5 MgCl,, used in all experiments, was prepared
according to Moller (1966). The pH was adjusted by the addition of 1.0 M HCl and the
buffer was sterilized before use.

For all experiments, the solutions were freshly prepared in sterilized tubes prior to the
addition of the virus. KSCN and LP were dissolved in VMG buffer (pH 7.1 or 6.0) and
the HOSCN/~OSCN was generated by adding dropwise 2.5-50 ul of H,O, into the
solution during 1 min. The final concentration was 0.5 mM for KSCN and 10 pg/ml
for LP. The solution was combined with equal volume of appropriate virus suspension
freshly prepared from the stock in VMG (HSV 2.0 X 10%, RSV 1.35 X 10* and EV 11
6.7 X 10° PFU/ml), vortexed and incubated at 37°C for 30 min. No notable pH change
(< 0.12 pH units) was observed during the 30-min incubation. The control cultures,
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incubated in the same way as the test cultures, comprised: (1) VMG buffer alone; (2)
culture supplemented with the highest H,O, concentration used (250 uM); (3) culture
with LP and KSCN (but with no H,0,); and (4) culture supplemented with the whole
LP system (LP/KSCN /H,0,) but with no viruses. The HOSCN/~ OSCN concentra-
tion was determined by reaction with the colored anionic monomer of (Nbs), as
described by Aune and Thomas (1977) and modified by Pruitt et al. (1986).

The possible cytotoxicity of HOSCN /™ OSCN against HGFs was assessed by light
microscopy after 30 min incubation at 37°C of HGFs exposed to HOSCN /™ OSCN (175
wmol /1) without any viruses. Previous studies indicated no cytotoxicity of HOSCN /™~
OSCN against HGFs (Tenovuo and Larjava, 1984).

Ten-fold dilutions of the treated or control virus suspensions were made in the
maintenance medium and inoculated into duplicate cultures (200 ul/ well). The plates
were centrifuged at 25°C in a Sorvall Technospin R centrifuge at 740 g for 45 min. The
plates were then immediately placed in 5% CO,-atmosphere at 37°C and incubated to
the exponential phase, i.e. for 1618 h (HSV-1 and EV 11) or 46-48 h (RSV).

2.3. Immunoperoxidase staining of the virus-infected cells

Viruses were detected by using direct immunoperoxidase-staining (IPS) with mono-
clonal antibodies (Mabs) for HSV-1 and RSV and indirect IPS with polyclonal antibod-
ies (Pabs) for EV 11. Specific Mabs against HSV-1 (2 /7 /30) (Ziegler et al., 1985) and
RSV (101A) (Waris et al., 1990) have been described earlier. The antibodies were
labeled with horseradish peroxidase (HRP, type 6; Sigma Chemical Co.) for IPS (Wilson
and Nakane, 1978). EV 11-specific Pabs were produced in rabbit by using heat-in-
activated virus. Peroxidase-conjugated swine immunoglobulins (Igs) to rabbit Igs (anti-
rabbit) were obtained from Dako-immunoglobulins a/s (Copenhagen, Denmark). After
appropriate incubation times the maintenance medium was aspirated and the cells were
rinsed twice with phosphate-buffered saline (PBS). The cells were fixed at room
temperature for 15 min with methanol (HSV-1, EV 11) or cold 75% acetone in PBS
(RSV). The fixative was removed and cells were rinsed twice with PBS containing 0.1%
Tween 20 (PBS-T). HRP-labeled Mabs were diluted 1 : 500 (HSV-1), 1 : 2000 (RSV)
and Pabs 1: 1000 (EV 11) in PBS supplemented with 5% fat-free dry milk (Valio,
Helsinki, Finland) and 0.01% antifoaming agent (Cuplaton, Orion Co., Espoo, Finland)
(PBS-M). An amount of 300 ul of appropriate antibody dilution was added to each well
and incubated for 1 h at 37°C. In the EV 11 assay, the wells were washed twice with
PBS-T and once with PBS and the incubation was repeated with anti-rabbit Igs diluted
1 : 200 in PBS-M. Before staining, the wells were washed twice with PBS-T and once
with PBS.

The stain contained 2.0 mg of 3-amino-9-ethylcarbazole (Sigma Chemical Co.),
dissolved in 0.5 ml of dimethylformamide (BDH Ltd, Poole, UK) and brought up to
final volume by adding 9.5 ml of acetate buffer (pH 5.0). Just before plate staining, 10
ul of 30% H,0, was added and 300 wl of the substrate solution was pipetted into each
well. The plates were left at room temperature until the plaques were clearly distinguish-
able for reading the results by light microscopy (approximately 30 min).
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3. Results

All experiments were done at pH 7.1 and 6.0. Although for different viruses variable
titers were used, it was observed that almost identical HOSCN/~ OSCN-mediated
inhibition curves were found despite the differences in the final titers (Figs. 1-3). In
order to obtain a wide range of observations, IPS plaque titration was performed in three
10-fold dilutions. When present, the inhibition was similar in all dilutions. Because of
the pronounced decrease in RSV-titers at low pH, pH 6.0 was chosen to represent the
acidic conditions in the experiments. Compared to pH 7.1, the control RSV-titers
decreased by 27 and 47% at pH 6.0 and 5.0, respectively.

Hypothiocyanite displayed variable inhibitory effects on viruses depending on the
HOSCN/~OSCN concentration, pH and the virus studied (Figs. 1-3). No significant
inhibition of any virus and no detectable HOSCN / “OSCN generation were observed if
any of the components (enzyme-SCN~, H,0,) of the lactoperoxidase system was
omitted, neither did H,O, alone have any inhibitory effect. The complete peroxidase
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Fig. 1. Inhibition of HSV-1 (PFU/ml) by peroxidase-generated HOSCN /™~ OSCN at pH 7.1 and 6.0. (A, B)
The values indicate mean+S.D. of 3 experiments, in which the incubation titer was 2.0X 10 PFU/ml,
followed by a 1 : 300 dilution to get the final PFU /ml. (C, D) Results of experiments in which the incubation
titer was either 3.5 10° (O) or 3.5x10* (¢) PFU/ml. The dilutions made after the incubation giving the
final PFUs/ml were 1 : 600 (2) and 1 : 60 (O), respectively.
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Fig. 2. Inhibition of RSV (PFU/ml) by peroxidase-generated HOSCN/~ OSCN at pH 7.1 and 6.0. (A, B) The
values indicate mean + S.D. of 3 experiments, in which the incubation titer was 1.35 % 10* PFU /ml, followed
by a 1: 60 dilution to get the final PFU/ml. (C, D) Results of experiments in which the incubation titer was
either 2.5%10° (O) or 2.5%10* (&) PFU/ml. The dilutions made after the incubation to get the final
PFUs/ml were 1: 600 (33) and 1: 60 (), respectively. .

system without any viruses did not affect HGFs, as observed by light microscopy,
suggesting that HOSCN/ ~OSCN, as such, had no cytotoxic effect. All these findings
indicate that HOSCN / “OSCN was indeed the antiviral agent in this system.

No significant difference existed between pH 6.0 and 7.1 in the HSV-1 control titer
(Fig. 1). HSV-1 was effectively inhibited by HOSCN/ OSCN and the virus was
slightly more sensitive at pH 6.0 (ICs, = 8.5 uM) than at pH 7.1 (IC5, = 20 uM) (Fig.
1).

The RSV control titer was remarkably lower at acidic pH than at pH 7.1 (Fig. 2). The
inhibition of RSV by HOSCN/ OSCN was strongly pH-dependent: the IC5, was as
Jow as 8 uM at pH 6.0, while at pH 7.1 the IC, value could not even be calculated due
to the almost non-existing inhibition, even with the highest HOSCN/ OSCN concentra-
tion studied (157 uM) (Fig. 2).

EV 11 reacted to HOSCN/ “OSCN in a very different way than HSV-1 and RSV.
EV 11 tolerated the acidic pH well and the original titer was even higher at pH 6.0 than
at neutral pH (Fig. 3). At pH 7.1, the HOSCN/~ OSCN seemed to be totally ineffective
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Fig. 3. Inhibition of EV 11 (PFU/ml) by peroxidase-generated HOSCN/~ OSCN at pH 7.1 and 6.0. (A, B)
The values indicate mean+S.D. of 3 experiments, in which the incubation titer was 6.7X10% PFU/ml,
followed by a 1 : 60 dilution to get the final PFU/ml. (C, D) Results of experiments in which the incubation
titer was 1.1x 10° (0) and 1.1x10* (©) PFU/ml. The dilutions made after the incubation to get the final
PFUs /ml were 1:600 (O) and 1 : 60 (<), respectively.

against EV 11, even at high concentrations, but at lower pH (6.0) as low concentrations
of HOSCN/~OSCN as 10-100 uM effectively inhibited the virus (IC5, = 68 uM).
The lower the HOSCN /~ OSCN concentration was, the more EV 11 was inhibited, but
with no effect at neutral pH (Fig. 3). Surprisingly, HOSCN/~ OSCN concentrations
> 100 uM had no statistically significant inhibitory effect on EV 11, not even at low
pH.

4. Discussion

The three different viruses selected for this study may theoretically differ in their
susceptibility to salivary neutralizing agents. HSV-1 represents a virus, which is
frequently transmitted by saliva, which may cause intraoral lesions (Scully and Bagg,
1992) and which, according to serum HSV-1 antibody analyses, has a prevalence of
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approximately 70—80% (Nahmias and Roizman, 1973). Intraoral shedding of HSV-1 has
been documented in approximately 3—7% of the population (Kameyama et al., 1988).

The role of salivary antibodies in neutralizing HSV-1 is obvious. Antibodies, mainly
IgG and IgM isotypes but to a lesser degree also IgA, mediate viral neutralization and
are directed either against virus-infected cell proteins exposed on the surface of infected
cells or directly binding to extracellular viruses (Norrild, 1985). A suppressed immune
response, such as in cancer patients receiving therapeutic irradiation to the head and
neck regions, easily leads to HSV-1 reactivation and recurrent infections (Hedner, 1993).
Cancer treatment also impairs the function of the salivary peroxidase system (Ménsson-
Rahemtulla et al., 1992), which according to the present results, may influence the
intraoral activity of HSV-1.

According to our study, HSV-1 is sensitive to HOSCN/“OSCN in physiological
salivary concentrations (Tenovuo et al., 1982), in particular at pH 6.0. The sensitivity of
HSV-1 to the peroxidase system has been previously reported by Courtois et al. (1990),
who, however, did their experiments only with ~ OSCN concentration of 100 uM and at
pH 7.4. It is likely that neutralization of HSV-1 in saliva occurs both by serum-derived
antibodies (mainly IgG and IgM isotypes) as well as by peroxidase-generated HOSCN /
“OSCN.

We observed that the virucidal activity of the peroxidase system was more effective
at acidic pH (6.0), as also observed with bacterial species (Thomas et al., 1983; Tenovuo
et al., 1988). Belding et al. (1970) found that the virucidal effect of the peroxidase
system against poliovirus was strongest at pH 4.5, but some virucidal activity could also
be detected at neutral pH. In HIV-HOSCN/ OSCN studies, the pH has been 7.4
(Pourtois et al., 1990) or has not been given (Yamaguchi et al., 1993). Since the
HOSCN /™ OSCN-mediated virucidal activity seems to be both time- (Courtois et al.,
1990; Yamaguchi et al., 1993) and dose-dependent, the above studies indicate that the
pH range should also be analyzed in more detail. The pH of human whole saliva may
range between 5 and 8, depending on, for example, the diet.

Interestingly, activation of the salivary peroxidase system has been reported to reduce
the incidence of oral aphthous ulcers by 70-80% (Hoogendoorn, 1985). Whether this
has anything to do with viral neutralization is as yet unknown, but it is interesting to
note that DNA from another herpes virus, varicella zoster, is frequently detected in oral
recurrent aphthous ulcers (Pedersen et al., 1993). Thus, a possibility exists that if herpes
viruses are pathogenic in oral ulcers, HOSCN/ OSCN could act as a non-immune
defense against these lesions.

RSV is a respiratory virus which is not known to induce any oral symptoms. It turned
out to also be relatively sensitive to neutralization by HOSCN/ OSCN, but only at
acidic pH. The studied enteropathogen, EV 11, can be assumed to pass fast through the
oral cavity, and at neutral pH, no inhibition at all of EV 11 was detected. However, an
unexplained inhibition by low (10-100 uM) concentrations of HOSCN/  OSCN was
constantly detected at pH 6.0. Although some inhibition of EV 11 by HOSCN /™~ OSCN
could be detected in vitro, this virus was, as expected, clearly most resistant to
peroxidase-mediated inhibition. The virucidal mechanism of HOSCN/ OSCN is as yet
unknown. We showed the inactivation of free viruses, but recently Yamaguchi et al.
(1993) also demonstrated peroxidase-mediated inhibition of cytopathic effects in already
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HIV-1 infected cells. Thus, it may be concluded that HOSCN/ OSCN has potential
virucidal activity, not only against free, but also against cell-associated viruses.

In summary, although the studied viruses were susceptible to HOSCN/~ OSCN in
vitro, this inhibition, as such, does not explain differences in their infectivity in vivo.
First, due to many practical reasons, we did our studies with HGFs, although gingival
and mucosal keratinocytes are more likely to be the first cells to come into contact with
orally transmitted viruses in vivo. Secondly, although HSV-1 was very susceptible to
HOSCN/ OSCN, this virus can still cause oral lesions in spite of the presence of
saliva. EV 11, which has to pass the oral defense systems, is least sensitive to
HOSCN/ OSCN. Our results support the assumption that oral peroxidase systems are
not only antibacterial (Pruitt and Reiter, 1985) and antifungal (Lenander-Lumikari et al.,
1992), but also, to some extent, antiviral. This is of particular interest since HOSCN /™~
OSCN-generating (up to 250 uM) dentifrices, mouthrinses and moisturizing gels have
recently come onto the market in the USA and in many European countries (Lenander-
Lumikari et al., 1993). The generation of HOSCN/~ OSCN in saliva has resulted in
HIV-1 inactivation (Pourtois et al., 1991), but our results suggest that this enhancement
of the salivary peroxidase system may provide inhibition against other viruses as well.
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