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Abstract

Innate, non-specific, resistance mechanisms are important barriers to pathogens, particularly delaying virus
multiplication at the onset of infections. These innate defense mechanisms include a series of mechanical barriers,
pre-existing inhibitory molecules, and cellular responses with antimicrobial activity. The antiviral activities of these
innate inhibitors reside in a variety of partly characterized substances. This review presents the innate antiviral
inhibitors in cell cultures, urine, serum, the gastrointestinal tract, the nervous system, tissues of crustaceans, and
saliva. Medical adaptation of the innate antiviral defense mechanisms may be useful for prevention and treatment of
viral infections. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Innate, non-specific, resistance mechanisms are
important barriers to pathogens, particularly in
delaying virus multiplication at the onset of infec-
tions and prior to development of the specific
immune response (Dianzani and Baron, 1996). The
reactive, non-specific defenses (e.g. interferon, cy-
tokines, and activated cells) are not included because
they are not innate since they are produced in
response to infection (Baron, 1963). The innate

defenses include a series of mechanical barriers,
pre-existing molecules, and cellular responses with
antimicrobial activity.

Prior to the recognition of non-specific defenses,
scientists believed that viral infections occurred in
nonimmune hosts. They believed that the body’s
specific immune responses (antibody and immune
cells)weresufficienttoovercometheinvadingviruses
starting at about day 5 (Baron, 1963). However,
recognition that earlier host defenses existed was
hinted at by a key finding — that the specific immune
responses began several days after virus multiplica-
tion was brought under control (Baron, 1963) (Fig.
1). These early defenses were determined to be
non-specific defenses — both innate and reactive.
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Subsequent studies confirmed that most viral
infections are initially limited by the early non-
specific defenses, which restrict the initial virus
multiplication to manageable levels and initiate
recovery. Recovery is then completed by a combi-
nation of these early non-specific defenses and the
subsequent virus-specific immune defenses. The
early non-specific defenses enable the host to cope
with the peak accumulation of viruses that, if
presented as the initial infecting dose, could be
lethal. Although non-specific and immune de-
fenses operate together to control viral infections,
this review considers mainly innate, non-specific,
inhibitory substances.

The role of the innate inhibitors as host de-
fenses was suggested by their presence in vivo,
their significant antiviral activity as titered in tis-
sue culture, and by the direct correlation between
the degree of virulence of some viruses and their
degree of resistance to certain inhibitors. Such
correlations have been made in studies of the
serum and mucus inhibitors of influenza viruses
during experimental infections (Kriznova and

Rathova, 1969). In addition, the presence of these
inhibitors in vivo may explain the relatively high
dose of virus required to initiate infection in vivo,
compared with the low dose needed in cell
cultures.

Normal body fluids and tissues have been re-
ported to possess inhibitory activities against dis-
crete viruses, individual virus groups, or a broad
spectrum of viruses (Karzon, 1956; Kriznova and
Rathova, 1969; Kitamura et al., 1973; Shortridge
and Ho, 1974; Welsh et al., 1976; Thiry et al.,
1978; Suribaldi et al., 1979; Gerna et al., 1980;
Singh and Baron, 2000). Since the antiviral activi-
ties against single or small groups of viruses have
been poorly characterized, there has not been
enough information to fully understand their role
as host defense mechanisms. More recently,
molecules possessing broad antiviral activity in
the body have been better characterized and also
may be considered as potentially effective defenses
against viral infections. Below we will focus this
review mainly on the properties of these broadly
antiviral innate substances using the background
literature of the more narrowly acting inhibitors.

Throughout this review, we refer to antiviral
titer or activity as units/ml (U/ml). One unit/ml of
antiviral activity was defined as the reciprocal of
the highest dilution of the inhibitor preparation
showing 50% reduction of plaques compared to
medium control. In this kind of assay, 64 U of
antiviral activity means that a sample, after 64-
fold dilution, can still reduce 30–40 plaque form-
ing units of viruses by 50% in comparison with
the medium control.

Cytotoxicity was excluded as a mediator of
virus inhibition in our laboratories by control
experiments that measured cell killing by Trypan
Blue in the presence of the inhibitors and also
experiments that measured cell proliferation in the
presence of the inhibitors.

2. Cell cultures: inhibitor with broad antiviral
activity (CVI)

A broadly active inhibitor of viruses (vaccinia,
polio 1, and vesicular stomatitis) was found in the
culture fluid from several, but not all, types of

Fig. 1. Production of virus, interferon, and antibody during
experimental infection of humans with influenza wild-type
virus. Non-specific defenses include anatomic barriers, in-
hibitors, phagocytosis, fever, inflammation and IFN. Specific
defenses include antibody and cell-mediated immunity. Data
from a study by B. Murphy et al., National Institutes of
Health (pers. commun.).



S. Baron et al. / Anti6iral Research 48 (2000) 71–89 73

normal human and mouse cells in culture (Baron
and McKerlie, 1981). Virus plaque-inhibiting ac-
tivity appeared in culture fluids within a few hours
after incubation of cultures with fresh medium.
Peak inhibitory activity occurred within 24 h.
Blockade of cellular ribonucleic acid or protein
synthesis decreased the appearance of the in-
hibitor. Inhibition of virus required the simulta-
neous presence of inhibitor, virus, and cells,
suggesting the reversible nature of the inhibition
(Hughes et al., 1981). The degree of inhibitory
activity depended on the animal species of origin
of the inhibitor, the cell type used for the assay,
and the virus type used for challenge. No cell
species barrier against inhibitory action was
found. Strong inhibition of multicycle yields of
vesicular stomatitis virus and Sindbis virus was
caused even by low doses of the inhibitor. Charac-
terization of CVI with respect to molecular size
and stability to heat and a number of chemical
reagents and enzymes indicate that the antiviral
activity of CVI is (a) associated with a large
molecule (approximately 4 million Da), (b) stable
at 100°C, and (c) resistant to the action of RNase,
DNase, sulfhydral reagents, protein denaturants,
and extraction by organic solvents (Sullivan et al.,
1987). These characteristics are specific for CVI
(Singh and Baron, 2000). Similar inhibitors occur
in certain tissue extracts and body fluids (de-
scribed later).

3. Urine: broad antiviral activity

Broad antiviral activity was detected in urine
while screening physiologic body fluids for the
presence of viral inhibitors (Coppenhaver et al.,
1984; Kumar et al., 1984). Moderate levels (2–48
U/ml) of anti-vaccinia activity were consistently
found in sterile filtered urine from normal donors
(Baron et al., 1989a,b). Similar amounts of antivi-
ral activity were seen against vesicular stomatitis
and herpes simplex 1 viruses. The active moiety
exhibited marked pH and heat stability. Further
studies, presented below, indicated that this activ-
ity is attributable to the ammonium content of
urine (Baron et al., 1989a,b).

Ammonium salts are known to exert fairly
broad antiviral activity, partly by accumulating in
the lysosomes and reducing the acidity of the local
environment, thereby inhibiting the activity of
lysosomal enzymes and impairing the uncoating
process during virus infection (Marsh and Hele-
nius, 1980). Antiviral activity in urine can be
accounted for by the ammonium ion concentra-
tion. The basis for this conclusion is twofold.
First, the physical characteristics and biological
mechanisms of the urine inhibitor are similar to
those of authentic NH4

+. Second, the quantity of
ammonium salts normally present in urine is suffi-
cient to explain the level of antiviral activity in
this physiologic fluid. The ammonium ion concen-
tration in other body fluids is much lower than
that in urine, and their content of NH4

+ does not
generally inhibit viruses (Tietz, 1983). In addition,
ammonium salts are distinct from the previously
reported antiviral mucoprotein in urine (Tamm
and Horsfall, 1952).

It was also determined that other simple inor-
ganic amines can suppress plaque formation of
herpes simplex type 1 virus, Semliki Forest virus,
respiratory syncitial virus, rhinovirus 13, and infl-
uenza A virus. Similar results have been reported
for ammonium chloride and other lysomotropic
amines by other investigators (Jensen et al., 1961;
Banfield and Kisch, 1973; Norkin and Einck,
1978; Helenius et al., 1980; Coombs et al., 1981).
Although ammonium ions significantly inhibit
several types of viruses, their breadth of antiviral
activity is somewhat less than the inhibitors found
in the plasma, gastrointestinal tract, and nervous
system, as described later.

During natural viral infections, virus shedding
in the urinary tract is known to be less than in the
respiratory or gastrointestinal tracts (Utz, 1964).
One of the factors that could explain this de-
creased virus infection of the urinary tract may be
the content of ammonium ions in urine.

4. Serum: innate inhibitors

Human blood plasma has been reported early
on to possess non-specific antiviral activity. This
activity is reported to be due to several pre-exist-
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ing naturally occurring molecules that are either
active against individual or a family of viruses
(Singh and Baron, 2000). These molecules, how-
ever, have not been adequately studied to reveal
their molecular structures and mechanisms of ac-
tion, presumably because of their low titer. There-
fore, their possible role against viremia is only
partly understood. Recently, two naturally occur-
ring non-specific broad-spectrum antiviral agents,
UTIb and high-density lipoprotein (HDL), have
been described (Singh et al., 1992, 1993). They are
active against DNA and enveloped and nonenvel-
oped RNA viruses. One of them, UTIb, possesses
substantial antiviral activity of 40 U/ml of serum.
In comparison, HDL activity is 4 U/ml. Since the
pre-existing antiviral molecules in serum appear
to be the only circulating defense mechanisms
available at the onset of viral infection, they may
be of significance in restricting viremia.

As background, the narrowly acting antiviral
activities are reported to reside in a variety of
uncharacterized or partly characterized sub-
stances. Most of these inhibitors have been distin-
guished from antibody, interferon and
complement. Many of these innate antiviral sub-
stances have generally been reported to act only
against a single virus, such as coronavirus, New-
castle disease virus, variola virus, Sendai virus and
vesicular stomatitis virus (Karzon, 1956; Kita-
mura et al., 1973; Thiry et al., 1978; Suribaldi et
al., 1979; Gerna et al., 1980). Some are active
against individual virus families, including myx-
oviruses, togaviruses, and retroviruses (Kriznova
and Rathova, 1969; Shortridge and Ho, 1974;
Welsh et al., 1976). The mechanisms of action of
these viral inhibitors, when known, vary. Some of
these act by irreversible neutralization of infectiv-
ity, as in the case with coronavirus and Sendai
virus inhibitors (Karzon, 1956; Kitamura et al.,
1973; Suribaldi et al., 1979; Gerna et al., 1980).
The myxo- and togavirus inhibitors appear to
prevent hemaglutination but not infectivity
(Kriznova and Rathova, 1969; Shortridge and
Ho, 1974). The inhibitor of vesicular stomatitis
virus acts by penetration of the viral envelope and
inactivation of viral RNA (Thiry et al., 1978). The
retrovirus inhibitor works via complement medi-
ated lysis of the virally infected cells (Welsh et al.,
1976).

Table 1
Broad antiviral activity of UTIb

Virus Antiviral titer (U/ml)a

DNA 6iruses
Herpesviruses

Herpes simplex (HSV-1) 36
Poxviruses

24Vaccina

RNA 6iruses
Picornaviruses

Polio 132
Mengo 36

Paramyxoviruses
Newcastle disease (NDV) 144

Alphaviruses
48Semliki Forest
96Sindbis

Flaviviruses
64Banzi

Bunyaviruses
Bunyamwera 96

Rhabdoviruses
96Vesicular stomatitis (VSV)

a Differences ]3-fold are significant by Student’s t-test.

Only four broad-spectrum viral inhibitors have
been reported in human serum. Interferon and
TNF occur in response to infections, inflamma-
tion, and cancer (Baron et al., 1987; Sambhi et al.,
1991; Czarniecki, 1993; Wallace et al., 1994). The
other two are constitutive. They are the above-
mentioned UTIb and high-density lipoprotein
(HDL) (Baron et al., 1989a,b; Singh et al., 1992,
1999). The broad antiviral activity of UTIb is
shown in Table 1. Heparin, which may be used
medically to prevent clotting, has narrow antiviral
activity but deserves to be mentioned because of
its potent activity against HIV-1 (Nahmias and
Kibrick, 1964; Baba et al., 1988; Rider, 1997).
Below we will consider the properties of the con-
stitutive broadly active inhibitors, i.e. UTIb and
HDL.

4.1. Molecular properties of UTIb and HDL

4.1.1. UTIb

As determined by enzymatic inactivation, UTIb
is a glycoprotein. It has a molecular weight of
approximately 60 000910 000 Da based on
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HPLC size exclusion chromatography (Fig. 2). Its
antiviral activity of 40 plaque inhibitory units/ml,
is stable at pH 2 through 10 and at 80°C for up to
10 min. Mild oxidation by sodium periodate
(NaIO4) and glycolysis by a mixture of glycosi-
dases destroys its antiviral activity. Proteinase di-
gestion degrades the inhibitor into small products
of B1000 Da, which retain broad antiviral activ-
ity. This activity of the small components has
increased heat stability (120°C for 15 min) and is
still inactivated by glycosidases. Thus the antiviral
activity appears to reside mainly in a separable
oligosaccharide moiety of the glycoprotein, UTIb
(Singh et al., 1992).

4.1.2. HDL
Human serum HDL is a lipoprotein of 300 kDa

and occurs in the serum in the range of 30–80
mg/dl. Its antiviral activity in serum is about
four virus plaque-inhibitory units per ml. The
antiviral activity seems to reside in its protein
component, apolipoprotein A-1. Apolipoprotein
A-1 has been reported to inhibit HIV (Owens et
al., 1990) and HSV1 (Srinivas et al., 1990). HDL
is also broadly active against DNA, and envel-
oped and non-enveloped viruses. Thus, the main
broad-spectrum viral inhibitors in serum are
UTIb and, to a lesser degree, HDL (Singh et al.,
1999).

Fig. 2. Estimation of the molecular size of the UTIb by size exclusion chromatography. Sera from different mammalian species were
individually loaded onto a column (2.5×90 cm) of Sephacryl S-200. The column was equilibrated with phosphate buffered saline.
Four-milliliter fractions were collected: the antiviral activity (depicted by the heavy line) in individual fractions was examined by the
standard plaque reduction assay. The inset shows the calibration of the column. Reprinted with permission from the J. Biol. Regul.
Homeost. Agents, 1993, 7: 9.
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4.2. Mechanisms of anti6iral action of UTIb and
HDL

Preincubation of virus with UTIb or HDL did
not result in reduction of infectivity, indicating
that they do not irreversibly neutralize viral infec-
tivity. Similarly, preincubation of cells with HDL
and UTIb, unlike interferon, does not induce an
antiviral state in the cells. Inhibition experiments
at 4 and 37°C revealed that UTIb inhibits virus by
preventing virus attachment. At 4°C, the cell mem-
brane is physiologically inert, and virus replication
at 4°C does not proceed beyond initial attachment
to the target cell. Comparable titers at 4 and 37°C,
therefore, imply that an antiviral substance in-
hibits the attachment of virus to target cells.
Significantly higher titers at 37 than at 4°C imply
that the inhibitor acts at a post-attachment stage.

This type of experiment showed that HDL,
unlike UTIb, acts against most viruses at a post-
attachment stage. Further investigations of the
mechanism of viral inhibition by HDL indicated
that HDL inhibits at an early stage of the multipli-
cation cycle, between 0 and 1 h of initiation of
infection, most likely by preventing penetration of
cell surface by virus (Singh et al., 1999).

4.3. Natural defensi6e role of narrowly acting
inhibitors in serum

A possible defensive role of the narrowly active
serum inhibitors has been reviewed by Kriznova
and Rathova (1969). The mechanisms of action of
these inhibitors are competitive inhibition of virus
attachment to cells, and neutralization of viral
infectivity by a mechanism unlike classical anti-
body. The various approaches undertaken to elu-
cidate the possible role of these serum inhibitors in
natural resistance were grouped into three cate-
gories. In the first category an effort was made to
find a correlation between the susceptibility of
experimental animals to a particular virus, and the
natural inhibitory activity of their sera (Bang et
al., 1950; Smorodintsev, 1957, 1960). The correla-
tions showed that resistance of the experimental
animals to several strains of influenza virus corre-
lated with the presence of innate serum inhibitors
against these viral strains.

In the second category, efforts were made to
measure the effect of suppression or deletion of
serum inhibitors on the susceptibility of the exper-
imental animals to virus infection. In several ex-
periments, it was shown that mice and hamsters
fed ethionine (an ethyl analogue of methoinine)
had appreciably reduced inhibitory activity in
serum against influenza A1 and Newcastle disease
viruses, compared to untreated controls. The
ethionine-treated hamsters were more susceptible
to influenza A1 virus as indicated by higher titers
of virus in their lungs (Borecky et al., 1961,
1962a,b). These observations point to a relation-
ship in vivo between the level of serum inhibitors
and influenza virus multiplication. Thus, they sup-
port a defensive role for the narrowly active,
non-specific viral inhibitors.

The third category assessed the effect of admin-
istering inhibitors at different times during viral
infection. Experimental animals were treated with
an inhibitor preparation either before or immedi-
ately after virus inoculation. Using the gamma
serum inhibitor, multiplication of the inhibitor-
sensitive strain of influenza A2 virus in mouse
lungs was inhibited. This effect was seen only
when the inhibitor was administered at a time
before the virus had time to penetrate susceptible
cells (Davoli and Bartolomei-Corsi, 1959; Cohen,
1960; Casazza et al., 1964; Link et al., 1964, 1965).
Thus, gamma inhibitor given intranasally 4–6 h
post-infection or later was not protective. How-
ever, high doses of inhibitor given i.p., even at
longer intervals after infection, showed an appre-
ciable protective effect (Casazza et al., 1964). It
appears, overall, that gamma inhibitor can func-
tion as a defense mechanism under certain
conditions.

5. Gastrointestinal tract viral inhibitors

Here we will consider the properties of the
broadly active inhibitors associated with the
murine and bovine gastrointestinal (GI) tracts
(Baron et al., 1986; Singh and Baron, 2000),
including size, structure, active chemical moiety
and mechanisms of action. As considered else-
where in this review, there are other broadly
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active viral inhibitors in several body tissues and
fluids. The GI inhibitors are distinct from these
other inhibitors as determined by their properties
and mechanisms of antiviral action, as described
below. Studies in humans have not yet been done.

The GI inhibitory preparations studied were (a)
a commercial porcine mucosal extract, (b) the
pharmaceutical, neuramide, and (c) mouse intesti-
nal inhibitors eluted from the lumen or GI tissues.
The porcine mucosal preparation (National For-
mulary XII specifications) was obtained from
American Laboratories, Inc., Omaha, NE. Neu-
ramide is a partially purified extract of gastric
mucosa, prepared for treating viral infection in
humans (Antonelli et al., 1986). It was obtained
from DIFA-Cooper, Milan, Italy. The mouse in-
testinal inhibitor preparations were made from
either the luminal fluids or eluates of pre-rinsed
minced intestine from ICR female mice (Baron et
al., 1986; Singh and Baron, 2000).

5.1. Molecular size

The intestinal samples were tested on a variety
of size exclusion columns. The antiviral activity
consistently emerged in the column volume for
most supports, indicating that the active moiety
was of very small size. On the Synchropak GPC
peptide HPLC columns, on which it is possible to
resolve small peptides, the neuramide, porcine
mucosal, and mouse intestinal inhibitors all
emerged with an apparent molecular size of B
1000 Da. This is consistent with the results of
dialysis experiments, where the antiviral activity
was retained only by a 100 Da MWCO mem-
brane. Based on the GPC Peptide column results,
a tentative molecular weight of 6009400 Da was
assigned to the antiviral moiety in these
preparations.

5.2. Anti6iral spectrum

The antiviral activity of all three gastrointesti-
nal inhibitor preparations was broad in that five
virus types were inhibited. The titers of the in-
hibitors were substantial, ranging from 24 to 64
U/ml. Broad antiviral activity was confirmed us-
ing partly purified fractions. Thus, all three gas-

trointestinal extracts contained significant titers of
broadly antiviral substance(s).

5.3. Chemical composition required for anti6iral
acti6ity

To determine the structural composition re-
quired for antiviral activity, the extracts were
treated to degrade proteins, break carbohydrate
linkages, oxidize carbohydrates, or extract lipids
and then the residual antiviral activity was mea-
sured. Treatment of neuramide, porcine mucosal
and mouse intestine preparations, with either
proteinase K, carbohydrases, sodium periodate,
or extraction by lipid solvents (butanol and ethyl
ether), did not affect their antiviral activity. Since
the carbohydrases do not degrade all possible
sugar linkages, the inhibitors were also treated
with NaIO4 as a general oxidizing agent without
inactivation of the antiviral activity. These find-
ings with the intestinal preparations suggest that
ordinary protein, carbohydrate, and lipid moieties
may not be required for the antiviral activity of
GI inhibitors.

5.4. Mechanism of action

To determine whether the intestinal prepara-
tions inactivated viruses directly, viruses were pre-
treated with the inhibitor and then assayed for
residual infectivity. Pretreatment of Sindbis virus,
vesicular stomatitis virus and mengovirus with
neuramide, porcine mucosal extract, and mouse
intestine inhibitors did not reduce their infectivity.
This indicated that the inhibitors do not bind
irreversibly to virions to permanently neutralize
their infectivity.

To determine whether the inhibitors acted dur-
ing attachment, or later in the replication cycle,
the inhibitory titers were compared at 4 and 37°C.
The titers of neuramide and porcine mucosal in-
hibitors against three viruses at 37°C were signifi-
cantly higher than those at 4°C. This indicates
that neuramide and porcine mucosal inhibitors
may act by blocking viral replication at a post-at-
tachment stage. The mouse intestine inhibitor, on
the other hand, is active at 4°C, and, therefore,
inhibits virus replication by preventing attach-
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ment of virions to the target cells. These possi-
ble mechanisms of action must eventually be
confirmed using fully purified inhibitors.

To determine if cells acquired resistance to
virus infection after being pre-treated with in-
hibitor, cells were incubated with the inhibitor
preparations (mouse intestine, neuramide and
porcine mucosa) for 24 h and then washed be-
fore virus challenge. The pre-treated cells did
not exhibit any resistance to subsequent infec-
tion, indicating the inhibitors do not induce a
durable antiviral state in the target cells.

The resistance to degradation by the GI in-
hibitors could be of significance in vivo, since to
remain active in the GI tract the inhibitors must
resist the action of the various lipolytic, prote-
olytic and glycolytic activities of the digestive
process. Enzyme-resistant peptides and carbohy-
drates have been reported previously (Witas et
al., 1983; Alpers, 1986; Zijlstra et al., 1996; Day
et al., 1998; Podolsky, 2000; Shen and Xu,
2000). Thus, the structure of the GI inhibitors
remains undetermined.

Consistent with a possible defensive role for
the GI tract inhibitors is their naturally high
titer, broad antiviral activity and location in the
GI tract and its lumen. To definitely assign de-
fensive roles, future studies should show that (a)
administration of these inhibitors is protective in
vivo and (b) deletion of the inhibitors enhances
infections.

6. Nervous system viral inhibitor (NS)

The blood–brain barrier largely excludes most
of the body’s host defenses, including systemic
antibodies, immune cells, and cytokines, from
the central nervous system (CNS) (Baron, 1963;
Cathala and Baron, 1970; Griffin, 1991). Innate
antiviral molecules, already within the brain,
may be candidate defenses against CNS infec-
tions, and thus, nervous system tissue extracts
have been studied for their ability to inhibit
virus infections (Baron, 1963; Cathala and
Baron, 1970; Griffin, 1991; Singh et al., 1995,
1999; Baron et al., 1998).

6.1. Anti6iral acti6ity

The NS inhibitor in lamb brain tissue exhib-
ited broad antiviral activity against DNA viruses
and enveloped and non-enveloped RNA viruses
(Singh et al., 1995; Baron et al., 1998). Human,
bovine, ovine, porcine, lapine, murine and
piscine brains all possessed similar levels of an-
tiviral activity. In humans, this NS inhibitor is
present in the brain, spinal cord, white and gray
matter, and sciatic nerve, but not in the cere-
brospinal fluid. Furthermore, the NS inhibitor
can diffuse extracellularly from prerinsed brain
tissue in vitro. The antiviral activity was not due
to cell toxicity as no difference in Vero and
CER cell growth over 48 h was detected in the
absence or presence of up to 100 U of the in-
hibitor. Furthermore, transferrin and low-density
lipoprotein, used as non-specific protein con-
trols, were not antiviral.

6.2. Molecular size

Using sucrose-density gradient centrifugation
(Sullivan et al., 1987; Singh et al., 1995), high
levels of antiviral activity were detected in the
40 and 45% sucrose bands (Fig. 3). These re-
sults indicated that the antiviral factor from
brain extracts was at least 4000 kDa.

Lipid extraction reduced the size of the antivi-
ral components without inactivating the in-
hibitory activity. The antiviral activity of the
lipid-extracted material from both mouse and
lamb brains was reduced to a molecular weight
of less than 5000 Da. Equivalent sizing results
were obtained using Superdex 200 and Superdex
75 FPLC sizing columns. Also analyzed was the
size of the antiviral material released by bu-
tanol–ether extraction using GPC peptide
HPLC columns. Again, the antiviral activity
emerged near the lower limit of the resolving
power of the columns, with a calculated molecu-
lar weight of 6509300 Da. It appears that the
butanol–ether extraction of the high molecular
weight antiviral material from brain tissue re-
leases a low molecular weight moiety (51000
Da) that possesses broad antiviral activity.
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Fig. 3. Sedimentation rate of virus inhibitor from lamb brain tissue in a discontinuous sucrose gradient. Sucrose solutions in PBS,
5 mM MgC12, were used to form step gradients. Equivalent volumes of brain inhibitor preparation (0.5 ml) and 50% sucrose were
mixed, layered on the discontinuous gradient, and centrifuged at 31 000 rev./min in a SW-55 rotor for 90 min. Collected fractions
were examined for antiviral activity against Sindbis virus after extensive dialysis. Reprinted with permission from Anti6iral Res.,
1995, 27:380.

6.3. Chemical composition and thermostability

Thermostability studies showed that the native
brain tissue antiviral activity was stable at 100°C
for at least 12 h, but not at 120°C. The inhibitory
activity was also stable following treatment with
0.01 M DTT, n-butanol and ethyl ether. Viral
inhibitory activity of the crude brain extract was
abolished by proteolysis, enzymatic glycolysis, or
periodate oxidation. This implies that the native
inhibitor molecule contains both protein and car-
bohydrate structure, which are necessary to
maintain antiviral activity. However, the lipid-ex-
tracted small inhibitor molecule was resistant to
proteolysis and glycolysis and was more heat re-
sistant (stable at 120°C for 15 min) than the
native inhibitor. Taken together, the evidence in-
dicates that the natural inhibitor moiety in brain,
is composed of lipid, protein, and carbohydrate,
and disruption of its structure by proteolysis or
glycolysis inactivates its inhibitory activity.

6.4. Mechanism of action

Pretreatment of viruses with inhibitor for 2 h
did not affect their infectivity, indicating that the

inhibitor neither bound irreversibly to virions nor
did it permanently neutralize infectivity. To deter-
mine whether the inhibitor acted during attach-
ment or later in the replication cycle, inhibitory
titers at 4 and 37°C were compared. In additional
experiments, virus yields were determined after
timed addition of an inhibitor preparation to cell
monolayers. Taken together, the results indicated
inhibition at the attachment stage of the virus
multiplication.

Pretreatment of cells did not induce any resis-
tance to subsequent infection with viruses, indi-
cating that unlike IFN, the inhibitory material
does not induce a durable antiviral state in the
target cells.

6.5. Effect of 6irus infection on inhibitor le6els in
6i6o

The possible regulation of the NS antiviral
activity levels in neural tissues in response to an
ongoing infection was assessed using an en-
cephalitic flavivirus infection of mice. Inhibitor
titers were determined over 7 days of infection
with the encephalitic Banzi virus (Singh et al.,
1995). This timing was chosen since BZV can be
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detected in mouse brain from day 3 p.i. (Singh et
al., 1989). No change in inhibitory titer was seen
throughout this lethal infection (Fig. 4), indicating
that the inhibitor, unlike IFN or antibody, is not
specifically induced or decreased in response to
viral infection.

6.6. Pathogenesis studies

The possibility that this constitutive antiviral
inhibitor in the nervous system could affect
pathogenesis was studied by determining (Baron
et al., 1998) whether the inhibitor was: (a) widely
distributed in the human nervous system and
released extracellularly, (b) present in effective
concentrations and (c) protective in vivo (see
below).

6.6.1. Distribution in the ner6ous system
It was found that the NS inhibitor is widely

distributed in the human white matter, gray mat-
ter, spinal cord and peripheral sciatic nerve tis-
sues, but not in cerebrospinal fluid (which
excludes large molecules). These inhibitory activi-
ties from the human nervous system had the same
properties as the inhibitor in other mammalian
brains (Singh et al., 1995). These properties are
4000 kDa size, complex structure of lipid and
essential protein and carbohydrate (presumably
an aggregation into micellar structure), competi-
tive inhibition of virus attachment, and broad
antiviral activity. Thus, the NS inhibitor is located
in the nervous system tissues that can be infected
by viruses.

Importantly, the inhibitory activity diffused
from prewashed minced brain into the extracellu-
lar fluid. This extracellular space is used by many
viruses to spread. Thus the inhibitor is in the
appropriate extracellular neural compartments to
interdict virus attachment to cells.

6.6.2. Concentration of the NS inhibitor
The antiviral titer of the inhibitor in the ner-

vous system ranged from 48 to 188 U/g of the
tissue. By comparison, the titers of other host
defenses such as antibody and interferon, as mea-
sured by the same type of assay, are in the same
range (Baron, 1996). Thus the concentration of
the NS inhibitor appears to be sufficient to play a
defensive role.

6.6.3. Protecti6e action in 6i6o
A putative host defense should protect in vivo

as well as in vitro. In vivo protection studies
demonstrated that subcutaneous administration
of the NS inhibitor with an alphavirus or a picor-
navirus resulted in both prolongation of survival
and in protection against death. These findings
show that the NS inhibitor can be protective in
vivo against viruses which can infect the nervous
system.

Overall, a natural defensive role for the broadly
antiviral NS inhibitor is suggested by its constitu-
tively high concentration, wide distribution in tis-
sues of the nervous system, presence in
extracellular fluid and its protection of mice
(Baron et al., 1998).

Fig. 4. Level of virus inhibitor in mouse brain extracts is
unchanged during encephalitis. Three-week-old female outbred
(ICR) mice were infected intraperitoneally with 3 LD75 of
BZV. Brains were harvested at days 3–6 postinfection, and
homogenized. Virus inhibitory levels in the homogenates were
titered against Sindbis virus, and are depicted in the bar graph
(left Y axis). The rise in the virus titers in the brains and sera
of infected mice (taken from Singh et al., 1989) are superim-
posed to illustrate the course of the BZV infections (�, virus
load in brain; 	, virus load per ml serum). Reprinted with
permission from Anti6iral Res., 1995, 27:384.
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7. Viral inhibitors in tissues of crustaceans (Pan
et al., 2000)

7.1. O6er6iew of the crustacean inhibitors

Tissue extracts from invertebrate crustaceans,
crab, shrimp and crayfish are broadly antiviral
against a variety of viruses including DNA and
enveloped and non-enveloped RNA viruses.
Characterization of the inhibitor(s) indicated a
440-kDa molecular size for the main inhibitor.
The antiviral activity of the inhibitor prepara-
tion was reduced by lipid extraction with bu-
tanol, but was unaffected by treatments with
DTT, urea, proteinase K and carbohydrases.
The inhibitor preparation does not directly
neutralize virus infectivity. The inhibitor appears
to act during the virus attachment stage. In
addition, the crab inhibitor preparation also
induces a durable antiviral state in Vero cells
against subsequent infection of Sindbis and
vaccinia viruses that was not due to interferon.
The non-specific, broadly antiviral substances
that are present in crustaceans may be host
defense substances and may contribute to sur-
vival of crustaceans, despite continuing exposure
to extremely high dose of viruses (Fuhrman,
1999).

Viruses are the most common biological agents
in the sea. They number ten billion per liter and
probably infect many species (Fuhrman, 1999).
Viral infections are common in crustaceans. For
instance, penaeid shrimp are infected by at least
20 viruses (Johnson et al., 1989, 1999), while blue
crabs are infected naturally or experimentally by
rotavirus, enterovirus, Newcastle disease virus,
and poliovirus (McCumber and Clem, 1977;
Seidel et al., 1983). In comparison with verte-
brates, invertebrates do not produce specific anti-
bodies (Schapiro, 1975), and therefore may rely
on innate defense for protection against viruses
(Schnapp et al., 1996). Little is known about
possible innate antiviral substances in inverte-
brates. Thus, crustaceans, such as crabs, shrimp
and crayfish, are appropriate invertebrate subjects
to study innate immunity against viruses (Pan et
al., 2000).

7.2. Anti6iral spectrum

The inhibitor extract from crabs is broadly
inhibitory for the six types of DNA and RNA
viruses tested. The titers of the inhibitor varied
moderately with the different viruses. The in-
hibitory activity of tissue extracts from two other
crustaceans, shrimp and crawfish, were also found
to be broadly active against the same viruses with
titers comparable to that of crab inhibitor prepa-
rations. No inhibitory effect of the inhibitor
preparation was detected on either cell-free HIV
or HIV-infected MT-2 cells.

7.3. Molecular size

The crab inhibitor preparation was fractionated
by size-exclusion chromatography on a Superdex
200 26/60 FPLC column, and individual fractions
were tested for the presence of antiviral activity.
The antiviral peak (44 U/ml) corresponded to a
molecular mass of approximately 440 kDa. In
addition, a secondary peak of relatively low an-
tiviral activity (17 U/ml) was found in fractions
corresponding to a molecular size of about 15
kDa.

7.4. Possible structure as determined by
enzymatic and chemical treatments

Lipid extraction with butanol significantly de-
creased the antiviral activity in the residual
aqueous phase of the inhibitor preparation. Lipid
extraction also resulted in the reduction of the size
of the antiviral substance as evidenced by the
filterability of the residual antiviral activity
through a 10 K MWCO ultrafiltration membrane
(Filtron, Northborough, MA). In contrast, nei-
ther insoluble proteinase K, nor a cocktail of
glycosidases, significantly inactivated the antiviral
activity of the inhibitor preparation. In addition,
a sulfhydryl reagent (DTT) and a chaotropic
reagent (urea) were used to treat the inhibitor
preparation, and no loss of antiviral activity was
found. Thus, the inhibitor is resistant to many
chemical degradations.
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7.5. Mode of action

The crab inhibitor preparation did not irre-
versibly inactivate viruses. To determine whether
the inhibitor preparation acts during virus attach-
ment or thereafter, antiviral activity at 4 and 37°C
was compared, and the equal activity at 4 and
37°C indicated that one action of the crab in-
hibitor is to prevent virus attachment to target
cells.

To determine whether the inhibitor preparation
also induced durable antiviral activity in host
cells, the inhibitor preparation was preincubated
with Vero cells overnight and then washed before
virus challenge. The inhibitor preparation-pre-
treated Vero cells were resistant to subsequent
infections by Sindbis and vaccinia viruses, indicat-
ing that the crab inhibitor preparation also in-
duces a durable antiviral state in Vero cells
against subsequent infection by Sindbis and vac-
cinia viruses. In contrast, vesicular stomatitis
virus was not inhibited by the same pretreatment
of cells, indicating a reversible and probably dif-
ferent mechanism of inhibition and the possibility
of two different inhibitors.

8. Oral resistance to HIV: innate salivary
defenses

8.1. O6er6iew of the innate sali6ary defense
against HIV

The oral cavity is unique among mucosal sur-
faces in having a defensive barrier to transmission
of HIV and probably to the related human T-cell
leukemia virus (Mohor, 1973; Phillips and Bour-
inbaiar, 1992; Milman and Sharma, 1994; Bomsel,
1997; Zacharopoulos and Phillips, 1997). The
main defense mechanism appears to be inactiva-
tion of the transmitting leukocytes by the hypo-
tonicity of saliva. Additional protection may be
contributed by the other less active salivary in-
hibitors (Coppenhaver et al., 1984; Fultz, 1986;
Fox et al., 1988, 1989; Archibald and Cole, 1990;
Yeh et al., 1992; Bergey et al., 1994; McNeely et
al., 1995, 1997; Wahl and Orenstein, 1997; Crom-
bie et al., 1998). This salivary defense appears to

explain the rarity of casual HIV transmission
orally. However, the normally effective oral bar-
rier can be overcome by the solutes in seminal
fluid, milk, and colostrums (Mayer and DeGrut-
tola, 1987; Lifson et al., 1990; Quatro et al., 1990;
Lane et al., 1991; Ryder et al., 1991; Dunn et al.,
1992; Keet et al., 1992; Bertolli et al., 1996; Black,
1996; Berrey and Shea, 1997; Cao et al., 1997).

Of special importance for medical application is
that the salivary defense has directed attention to
the HIV-infected leukocyte as the main mucosal
transmitting agent. Consequently, anticellular so-
lutions that are more potent than saliva’s hypo-
tonicity could be applied topically at the
vulnerable mucosal sites (e.g. vagina and rectum)
to inactivate infected leukocytes in seminal fluid.
To prevent the vaginal and rectal transmission,
studies of candidate topical anticellular substances
(Baron, 2000), other than the reportedly ineffec-
tive nonoxynol-9 (Mohor, 1973; Pauza et al.,
1993, 1994), are being done. These candidate pre-
ventives include disinfectants for blood products,
bile detergents, and over-the-counter (OTC) com-
mercial vaginal products, which are effective in
vitro. Some of these OTC products are already
established to be safe for use by FDA standards.

8.2. Incidence of oral transmission

When the HIV epidemic began, an initial con-
cern was that HIV might be transmitted casually
from the oral secretions of the millions of HIV
carriers during kissing, dental treatment, biting,
and aerosolization. Later it became clear that
casual transmission is actually a rare event, even
when infectious HIV is shed into the oral cavity
by bleeding and exudation (Ho et al., 1985; Levy
and Greenspan, 1988; Rogers et al., 1990; Gooch
et al., 1993; Moore et al., 1993; Richman and
Rickman, 1993; Yeung et al., 1993; Piazza et al.,
1994). Saliva of infected individuals usually con-
tains only non-infectious components of HIV,
including viral DNA, indicating that the saliva
may cause a breakdown of infected leukocytes.
The infectivity of these salivas in vitro is only 1%,
although all carriers have infectious virus in their
blood (Goto et al., 1991; Barr et al., 1992; Moore
et al., 1993; Coppenhaver et al., 1994; Qureshi et



S. Baron et al. / Anti6iral Research 48 (2000) 71–89 83

al., 1995; Melvin et al., 1997; Baron et al., 1999).
In comparison, in seminal fluid the percentage of
patients shedding HIV, mainly as infected leuko-
cytes, is much higher — approximately 20% (Mil-
man and Sharma, 1994; Vernazza et al., 1996;
Zhu et al., 1996). Thus the rarity of casual oral
transmission correlates with the low infectivity of
saliva compared to the high infectivity of seminal
fluid, which is associated with 27% vaginal trans-
mission (European Study Group, 1989; Johnson
et al., 1989; Lazzarin et al., 1991; European Study
Group on Heterosexual Transmission of HIV,
1992; Royce et al., 1997). It is, therefore, impor-
tant to determine the salivary mechanisms of
protection.

8.3. Innate sali6ary inhibitors

There are many inhibitors of HIV in saliva
(Coppenhaver et al., 1984; Fultz, 1986; Fox et al.,
1988, 1989; Archibald and Cole, 1990; Yeh et al.,
1992; Bergey et al., 1994; McNeely et al., 1995,
1997; Wahl and Orenstein, 1997; Crombie et al.,
1998; Shugars, 1999; Baron et al., 1999, 2000). An
important question is ‘which of the many reported
salivary inhibitors of HIV best accounts for sali-
va’s protection against HIV-infected leukocytes?’
These salivary inhibitors include HIV-1-specific
antibodies, lysozyme, peroxidases, complement,
cystatins, lactoferrin, defensins, mucins, amylase,
statherin, proline-rich peptides, thrombospondin-
1, histatins, Rnases (Lee-Huang et al., 1999) and
secretory leukocyte protease inhibitor (Coppen-
haver et al., 1984; Fultz, 1986; Fox et al., 1988,
1989; Archibald and Cole, 1990; Sun et al., 1990;
Yeh et al., 1992; Robinovitch et al., 1993; Bergey
et al., 1994; McNeely et al., 1995, 1997; Wahl et
al., 1997; Shugars, 1999).

The existence of an undiscovered salivary in-
hibitor was suggested because these known sali-
vary inhibitors did not inhibit HIV sufficiently to
explain the rarity of oral transmission (Coppen-
haver et al., 1984; Fultz, 1986; Fox et al., 1988,
1989; Archibald and Cole, 1990; Sun et al., 1990;
Yeh et al., 1992; Robinovitch et al., 1993; Bergey
et al., 1994; McNeely et al., 1995, 1997; Wahl et
al., 1997; Shugars, 1999). A new inhibitor also
was suggested by the unique hypotonicity of sali-

Fig. 5. Saliva interrupts the multiplication of human im-
munodeficiency virus (HIV) in infected human mononuclear
leukocytes. *PB0.05 by Student’s t-test. Reprinted with per-
mission from Arch. Intern. Med., 1999, 159:306.

vas, i.e. one-seventh the tonicity of normal inter-
stitial fluids (Ben-Aryeh et al., 1990; Edgar, 1992).
This hypotonicity was shown to disrupt the cru-
cial infected leukocytes and thereby render them
incapable of supporting virus multiplication and
cell-to-cell transmission of HIV (Fig. 5). Specifi-
cally, there was a 10 000-fold inhibition of the
multiplication of HIV by the hypotonicity of
saliva compared to the only 3- to 5-fold inhibition
by the macromolecular inhibitors in saliva (Baron
et al., 1999, 2000). Also, reconstitution of the
isotonicity of saliva reversed its inhibition (Baron

Fig. 6. Dilution in blood, milk, colostrums, and seminal fluid
prevents saliva’s inhibition of HIV multiplication in human
PBL. *PB0.05 Student’s t-test. Reprinted with permission
from J. Infect. Dis., 2000, 181:500.
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et al., 1999). Thus, hypotonic disruption appears
to be a major mechanism by which saliva kills the
transmitting mononuclear leukocytes and thereby
prevents their attachment to mucosal epithelial
cells and their production of infectious HIV.

Unexplained, however, was the paradox that
oral transmission of HIV does occur epidemiolog-
ically if infected seminal fluid (Mayer and De-
Gruttola, 1987; Lifson et al., 1990; Quatro et al.,
1990; Lane et al., 1991; Keet et al., 1992; Berrey
and Shea, 1997) or milk (Ryder et al., 1991; Dunn
et al., 1992; Bertolli et al., 1996; Black, 1996; Cao
et al., 1997) is deposited orally, despite the pres-
ence of saliva. The mechanisms by which the
carrier’s seminal fluid or milk may overcome pro-
tection by the recipient’s saliva was studied
(Baron et al., 2000). It was hypothesized that
reconstitution of salts in hypotonic saliva by
orally deposited isotonic seminal fluid, milk, or
colostrum would reverse saliva’s ability to inacti-
vate its virus-infected leukocytes (Girgis et al.,
1980; Kavanagh, 1985; Mehl, 1986; Levy, 1988;
Vonesch et al., 1992; Buranasin et al., 1993; Gold-
man and Goldblum, 1996). Experimentally, the
volumes of seminal fluid, milk, or colostrum de-
posited in the mouth were found to contain suffi-
cient solutes to overcome saliva’s normal
hypotonic protection against HIV-infected leuko-
cytes and thereby appear to explain the paradoxi-
cally successful oral transmission by these fluids
(Fig. 6). This conclusion was confirmed by the
reversal of salivary protection by adding salts to
saliva and by dialysis with culture medium.

9. Conclusion

Throughout the history of medicine, the most
effective antimicrobial applications have come
from the understanding and adaptation of natural
defense mechanisms. Examples are: (1) the natural
separation of the host from the microbes was
adapted to sanitation and quarantine; (2) the
host’s immune response was adapted to vaccines
and passive immunization; and (3) the microbial
molecules for self-protection were adapted as an-
tibiotics. Similar application of innate antiviral
defenses, which are overviewed in Table 2, may

result in new medically useful antiviral substances
and strategies.
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