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Abstract

Acute gastrointestinal infections due to rotaviruses and other
enteric pathogens are major causes of morbidity and mortality
in infants and young children throughout the world. Breast-
feeding can reduce the rate of serious gastroenteritis in infants;
however, the degrees of protection offered against rotavirus
infection vary in different populations. The mechanisms asso-
ciated with milk-mediated protection against viral gastroenteri-
tis have not been fully elucidated.

Wehave isolated a macromolecular component of human
milk that inhibits the replication of rotaviruses in tissue culture
and prevents the development of gastroenteritis in an animal
model system. Purification of the component indicates that the
antiviral activity is associated with an acidic fraction (pI = 4.0-
4.6), which is free of detectable immunoglobulins. Further-
more, high levels of antiviral activity are associated with an
affinity-purified complex of human milk mucin. Deglycosyla-
tion of the mucin complex results in the loss of antiviral activ-
ity. Further purification indicated that rotavirus specifically
binds to the milk mucin complex as well as to the 46-kD glyco-
protein component of the complex. Binding to the 46-kD compo-
nent was substantially reduced after chemical hydrolysis of
sialic acid.

Wehave documented that human milk mucin can bind to
rotavirus and inhibit viral replication in vitro and in vivo. Varia-
tions in milk mucin glycoproteins may be associated with dif-
ferent levels of protection against infection with gastrointesti-
nal pathogens. (J. Clin. Invest. 1992. 90:1984-198791.) Key
words: rotavirus * mucin * human milk - gastroenteritis

Introduction

Acute infectious gastrointestinal diseases remain major causes
of illness in infants and young children throughout the world.
In developing regions of the world, infectious gastrointestinal
diseases have been estimated to cause 12,000 deaths per day.
Diarrheal disease is also an important health problem in devel-
oped countries. In the United States, over 200,000 children
under 5 years of age are hospitalized each year with acute diar-
rheal disease, accounting for nearly 880,000 inpatient days,
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over 500 deaths, and almost one billion dollars of inpatient cost
per year ( 1-3).

A number of viral, bacterial, and parasitic agents are known
to cause acute infectious gastroenteritis (4-6). Rotaviruses
have been identified as the most important viral agent of infan-
tile gastroenteritis in children living in both developed and de-
veloping countries. Prospective studies in the United States
indicate that rotaviruses account for 2.9 million episodes of
diarrhea leading to 22,000 annual hospitalizations in children
less than 5 years old (2, 5-7). Rotaviruses also have been im-
plicated as causative agents of outbreaks of diarrhea occurring
in nursing homes, travelers, day-care centers, and adult con-
tacts of ill children. Additionally, rotaviruses have been identi-
fied as etiologic agents of diarrhea in patients undergoing bone
marrow transplantation and suffering from a variety of immu-
nodeficiency conditions (8-12). The recognition of the impor-
tance of rotaviral infections has led to a substantial effort di-
rected at the prevention of infection by means of active immu-
nization. However, current vaccine regimens have displayed
variable degrees of efficacy, indicating the need for the better
understanding of the mechanisms responsible for disease pre-
vention (5, 13-17).

Breast-feeding has been recognized as an important factor
in protection against enteric infection with other pathogens.
Numerous studies have documented the fact that children who
are breast-fed undergo substantially fewer total episodes of gas-
troenteritis compared with infants who are bottle fed. Although
many of these studies are based on children living in develop-
ing countries ( 18-20), a protective effect of breast-feeding has
also been documented in infants living in developed countries
such as Great Britain and the United States (21, 22). Breast-
feeding has also been shown to lower the incidence of enteric
diseases, such as necrotizing enterocolitis of infancy, which
may be infectious in origin but have not been associated with a
single etiologic agent (23). On the other hand, the protective
effect of breast-feeding on gastroenteritis caused by rotaviruses
has been variable. Breast-feeding does not provide total protec-
tion against infection and serious episodes of rotavirus infec-
tion have been noted in breast-fed infants (24-26). However,
in many populations, breast-feeding lessens the severity of diar-
rhea and vomiting associated with rotavirus infection in hospi-
talized children (26-28). The degree of protection offered by
human milk correlates only partially with the levels of antirota-
virus antibodies measured in the milk, suggesting that nonim-
munoglobulin factors may play a role in the protective process
(29, 30).

Humanmilk contains numerous nonimmunoglobulin fac-
tors that can inhibit the replication of microorganisms (31-
33). Wehave previously found that mucins and related sialic
acid-containing glycoproteins of animal origin can inhibit the
in vitro replication of rotaviruses in cell culture. The inhibitory
activity of these glycoproteins is dependent upon the presence
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of sialic acids and their function appears to be related to inter-
ference with viral binding to sialic acid containing cellular re-
ceptors (34-36). Wenow report on the antirotaviral activity of
mucin and mucinous components found in human milk.

Methods

Preparation of milk fractions
Source. Milk was obtained from 30 healthy lactating donors to the
Central Massachusetts Regional Milk Bank, Worcester, MA. The sam-
ples were chosen to represent a wide selection of maternal age (28±4 y;
range: 20-37 y), parity (9 primiparous, 13 secundiparous, 5 tertipar-
ous, 3 quadriparous), and maturity of milk (6.0±3.8 monpostpartum;
range: 0-14 mo). Milk was generally expressed in the morning by use
of a mechanical pump. The milk was pooled and individual fractions
were prepared by the following methods:

Oligosaccharides. Oligosaccharide fractions of human milk were
prepared using methods that we have previously devised for this pur-
pose (37). The milk was centrifuged at 4VC at 3,000 g for I h. The
cream was removed and the skimmed milk was filtered through glass
wool. The filtrate was mixed with an equal amount of ice-cold acetone,
stirred overnight at 4VC, and centrifuged at 3,000 g for 45 min. The
clear supernatant was concentrated by rotary evaporation and applied
to a 1-liter charcoal-Celite column. After extensive washing with dis-
tilled water and 5% ethanol (aqueous), the oligosaccharide fraction
was eluted from the column with 50% ethanol (aqueous). The eluate
was passed through anion exchange resin (AG 1-X2; Bio-Rad Labora-
tories, Richmond, CA) to yield the neutral oligosaccharide fraction.
The acidic oligosaccharides were eluted from the resin with 1 Mformic
acid, dialyzed, and Iyophilized. The fractions were stored at -700C
until tested.

Lipids. Lipid fractions were prepared by the following method:
Milk was extracted with 20 vol of chloroform/methanol (2:1), filtered,
and dried. The lipid was then partitioned between hexane and 88%
aqueous ethanol. Free fatty acids were removed from the hexane frac-
tion by washing with methanolic ammonia, and the fatty acids were
recovered by acidifying the methanol and extracting the protonated
fatty acids with hexane. The ethanol fraction was subjected to Folch
partition; the upper-phase lipids were isolated on a reversed-phase col-
umn and then separated on DEAESepharose (Pharmacia, Uppsala,
Sweden) into the neutral glycolipids and the anionic glycolipids (indi-
cated as the "neutral" and "ganglioside" fractions, see Fig. 1). The
Folch lower-phase lipids were separated on a silicic acid column (Uni-
sil; Clarkson Chemical, Williamsport, PA) to isolate the lower phase
glycolipid fraction.

Macromolecular fraction. The milk was subjected to three freeze-
thaw cycles followed by sonication for 20 min to disrupt the milk fat
globules. The cream-derived lipids, mainly triglycerides, were sepa-
rated from the milk by centrifugation at 3,000 g for I h at 4°C and
removed by filtration through glass wool. The resulting skimmed milk
containing most of the original milk fat globule membrane was passed
through a 300,000-D cutoff ultrafilter and was washed three times with
distilled water (diafiltration) to remove the bulk of the smaller proteins
from this fraction. The retentate was then dialyzed to remove any resid-
ual molecules smaller than 40,000 D, Iyophilized, weighed, and tested
for activity. The specific activity was calculated as the amount of pro-
tein from whole pooled milk that represented the minimum inhibitory
concentration (MIC50)' divided by the amount of protein from a puri-
fied fraction that represented the MIC1.

Isoelectric focusing. Isoelectric focusing was performed in a Roto-
for apparatus (Bio-Rad Laboratories). The macromolecular fraction,
prepared as described above, was made 1%with ampholytes (pH 3-10)

1. Abbreviations used in this paper: MIC50, minimum inhibitory con-
centration; RSV, respiratory syncytial virus.

in 50 ml distilled water, and was resolved into 20 fractions at 14 Wfor 4
h. After the measurement of the pH with a standard pH electrode, each
fraction was dialyzed against distilled water, lyophilized, and reconsti-
tuted with sterile PBSsuch that each purified material was at the con-
centration at which it was found in the original pooled-milk sample.
The active fractions were pooled and refocused as above, but over a pH
gradient of 3.9-7.1 over 20 fractions.

The highly focused fractions were tested for the presence of glyco-
proteins immunologically related to human milk mucin. This testing
was performed by the binding of the fractions to the wells of the micro-
titer plates and by reaction with the Mc5 monoclonal antibody, which
is directed at the milk mucin. The binding of the antibody was quanti-
tated by reaction with peroxidase-labeled anti-mouse IgG and o-phen-
ylene diamine H202 substrate (38).

The results of the immunoassays were expressed as specific inhibi-
tory activity calculated by measuring the optical density at 450 nm
generated by reactions in the wells coated with the milk fractions and
subtracting the optical density generated in control wells that had not
been coated with milk components.

The fractions generated by the preparative isoelectric focusing were
tested for levels of IgG and secretory IgA immunoglobulins by a modifi-
cation of previously described solid-phase enzyme immunoassay pro-
cedures (39). The fractions were also tested for the presence of trypsin
inhibitory activity using benzoyl-DL-arginine-p-nitroanilide (BAPNA)
substrate, following previously published procedures (40).
/ Purification of milk mucin components. Milk mucin complex in the
delipidated human milk fat globules (38) was prepared by affinity chro-
matography using the Mc5 monoclonal antibody that recognizes the
tandem repeat region of the human milk mucin, which is identical to
breast mucin (41). The Mc5 monoclonal antibody was conjugated
with cyanogen bromide-activated Sepharose-4B beads (Pharmacia) at
a ratio of 1 mgof IgG/ml of swollen beads. The antibody-coated beads
were washed and suspended in PBS containing 0.3% Triton X-100,
10% bovine serum, and 0.1% sodium azide. Delipidated human milk
fat globule was dissolved in the same buffer, sonicated, and incubated
with antibody-coated beads overnight at 4°C. The beads were then
washed three times alternately with 0.1 MNa acetate, 1 MNaCl, pH
4.0, and 0.1 MTris buffer, pH 8.0, and then washed twice with PBS
containing 0.3% Triton X-100. The bound mucin complex was eluted
with 3 Msodium isocyanate and concentrated by dialysis.

To purify the individual components of the milk mucin complex
(the milk mucin, and the 46- and 70-kD glycoproteins), delipidated
milk fat globule was fractionated under reducing conditions (0.5% fl-
mercaptoethanol) by electrophoresis in a 3-15% SDSpolyacrylamide
gel. One lane was stained with Coomassie blue to identify the compo-
nents whereas the remaining gel was frozen. The reduced human milk
mucin ( - 400 kD), the 70-, and the 46-kD components were individu-
ally excised from the gel, placed into dialysis bags, and eluted from the
gel by electrophoresis under reducing conditions (gel running buffer
containing 0.5% B-mercaptoethanol and 2 M dithiothreitol). The
eluted proteins were separated from the gel by centrifugation and char-
acterized by reaction with the specific monoclonal antibodies (Mc5 for
the milk mucin, Mcl 3 and Mc16 for the 70- and 46-kD glycoproteins,
respectively) (38).

Sialic acid hydrolysis. The involvement of sialic acid in the inhibi-
tion of rotaviruses by milk mucin components was investigated by the
chemical hydrolysis of sialic acid (desialylation) from the purified com-
ponents using previously described methods (42-44). Briefly, samples
containing 1-10 mgpurified milk glycoprotein were suspended in 1 ml
0.08 N H2SO4and digested for 1 h at 80°C. After rapid cooling on ice,
the samples were neutralized with 100 Al of 0.8 MNaOH. The samples
were then dialyzed exhaustively and Iyophilized. The residual glyco-
protein was tested for its ability to bind to rotavirus as described below.

Interaction of virus with milk components
Solid phase-binding assay. The RRV(rhesus rotavirus MMU18006)
and SA-l 1 strains of simian rotavirus and the Wa, DS-l, P, and ST3
strains of human rotavirus were propagated in MA- 104 cells using pre-
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viously described methods. By virtue of the major neutralization pro-
tein VP7, the simian strains belong to serotype 3 and the human strains
Wa, Ds-1, P, and ST3 to serotypes 1, 2, 3, and 4, respectively (45). The
viruses were diluted in PBS to concentrations of - 103 pfu/ml and
immobilized onto the wells of microtiter plates previously coated with
methylated bovine serum albumin (46). Wells were also coated with
an equivalent concentration of uninfected MA- 104 cells under identi-
cal conditions to serve as controls. After washing of the wells with
PBS-Tween, the virus and controls were reacted with the mucin compo-
nents, prepared as described above, and added at a concentration of 10
,sg/ml (0.5 Asg per well).

Binding of the mucin components to the virus and controls was
determined by reaction with monoclonal antibodies directed at the
specific mucin components. The Mc5 monoclonal antibody was used
for detection of the native mucin complex, the Mc13 monoclonal anti-
body was used for detecting the 70-kD glycoprotein component, and
the Mc16 monoclonal antibody was used for detecting the 46-kD gly-
coprotein subunit (38). The reactions were quantitated by reaction
with 125I-labeled anti-murine IgG and gammacounting.

Each component was measured in quadruplicate. For each compo-
nent a specific-binding ratio was calculated by dividing the mean num-
ber of counts generated in the virus-coated well by the mean number of
counts generated in cell control wells.

Replication in tissue culture. The fractions of milk prepared by the
above methods were diluted in EMEMcontaining 0.5-1 ug/ml por-
cine trypsin and mixed with - 100 pfu of the indicated strain of rota-
virus. After adsorption of the virus-milk factor mixture for 1 h at 37°C,
the cell monolayers were washed and covered with an agarose overlay
containing 0.5 yg/ml trypsin plus the same concentration of antiviral
milk factor as used in the adsorption. After 5 d of incubation at
37°C, a second agarose overlay containing neutral red was added, and
plaques were enumerated after visual inspection.

For each concentration of test milk factor, a percentage inhibition
was calculated as 1OOX[1 - (Pf/P,)] where PfiS the number of plaques
generated in cells infected with virus incubated with milk factor and Pc
is the number of plaques generated in cells infected with virus in the
absence of added factor.

Each fraction was initially tested at a concentration equivalent to
that found in the milk pool. Samples that demonstrated inhibition were
tested at log-fold dilutions. The MIC.5 was calculated by interpolating
the minimum concentration required for the 50% inhibition of plaque
generation.

Prevention of experimental rotavirus gastroenteritis. Weused a pre-
viously developed mouse model of rotavirus gastroenteritis to study the
effect of milk components on the development of experimental rota-
virus gastroenteritis (34, 40). The epizootic diarrhea of infant mice
(EDIM) strain of murine rotavirus was purified by ultracentrifugation
through CsCl and incubated at a concentration of 10 ID100/ml with
indicated milk components, at a concentration of 100 ,g/ml, or with
control preparations. After incubation for 30 min at 37°C, 100 ,ul of the
milk-virus mixture was fed to each mouse in individual litters of suck-
ling mice. The animals were observed for the development of diarrhea
for 3 to 5 d after infection. The suckling mice continued to receive milk
from their mothers during the course of the study. Control prepara-
tions consisted of a bovine milk-based infants' formula (Similac; Ross
Laboratories, Columbus, OH) as well as minimum essential media. To
minimize variations among litters, the suckling mice were pooled and
then randomly divided among the dams immediately before inocula-
tion. The suckling mice remained with these dams throughout the
course of the study.

Results

Initial experiments were directed at determining the fractions
of human milk that contain antirotaviral activity. Wepurified

the oligosaccharide, lipid, and macromolecular protein frac-
tions from a pool of milk obtained from 30 healthy donors and
diluted the fractions to one tenth the volume of milk from
which they were isolated (i.e., 10-fold more concentrated then
the original milk pool). Wethen tested the fractions for the
ability to inhibit the replication of the SA- 11 strain of rotavirus
in tissue culture at 10-fold the concentrations found in human
milk, at the concentration found in milk, and at logarithmic
dilutions (1:10, 1:100, 1:1,000, 1:10,000, etc.). None of the
oligosaccharide or lipid components of milk displayed signifi-
cant levels of antirotavirus activity at any measured concentra-
tions. However, the macromolecular fraction (> 300 kD) in-
hibited the replication of the prototype SA- 11 strain (VP7 sero-
type 3) of rotavirus with a minimum inhibitory concentration
of -100 ,gg/ml (Fig. 1 ). This corresponds to a threefold in-
crease in specific activity compared with the original milk pool.
We also found that the macromolecular fraction of human
milk, tested at a concentration of 250 ,ul/ml, could inhibit the
in vitro replication of four human strains of rotavirus represent-
ing VP7 serotypes 1-4 (Fig. 2). In the case of all four virus
strains, the inhibition was reduced or abolished by the chemi-
cal desialylation of the milk glycoprotein. The macromolecular
fraction of human milk was further fractionated by high-reso-
lution preparative isoelectric focusing ( 14). As depicted in Fig.
3, we found that the rotavirus inhibitory activity was confined
to fractions with pI ranging from 4.0 to 4.6. These fractions did
not contain immunoglobulins detectable by solid-phase immu-
noassay nor protease inhibitory activity detectable by reaction
with trypsin and BAPNAsubstrate. However, the fractions
with antiviral activity reacted with monoclonal antibodies di-
rected at the human milk mucin complex. The acidic fractions
with antirotaviral activity were pooled and subsequently desig-
nated as the acidic glycoprotein fraction of human milk. We
found that this acidic glycoprotein fraction could inhibit the
replication of the SA- 11 strain of rotavirus at a concentration
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Figure 1. Effect of the human milk components on rotavirus replica-
tion. Fractions of human milk were prepared and tested for the ability
to inhibit the replication of the SA- 1 I strain of rotavirus in MA- 104
cells as described in the text. Each fraction was initially tested at a
concentration equivalent to that found in the milk pool and at 10
times that concentration. Samples that demonstrated inhibition were
tested at log-fold dilutions. Bars indicate the minimum concentration
required for 50% inhibition of SA- 1 I plaque generation in MA- 104
cells.
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Figure 2. Inhibition of human rotavirus. The indicated strains of hu-
man rotaviruses were incubated with the human macromolecular
glycoprotein at a concentration of 250 gl/ml and propagated in MA-
104 cells as described in the text. The viruses were also incubated
with the same concentration of the macromolecular fraction, which
had been chemically desialylated by the methods described in the
text. After the addition of agarose overlay containing the same con-
centration of the homologous macromolecular fraction, the number
of plaques were enumerated and compared with that of the same viral
strain propagated in the absence of added fractions. The bars indicate
the mean±range of the measured inhibition in plaque generation.

of 8 ,g/ml (1:500 dilution from its original concentration in
milk, a 38-fold increase in specific activity) (Fig. 1).

Wefurther purified the active milk glycoprotein by means
of affinity chromatography using a monoclonal Mc5 antibody
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Figure 3. Isoelectric focusing of the human milk macromolecular
:omponent. The human milk macromolecular fraction was separated
)y isoelectric focusing using a Rotofor apparatus as described in the
ext. The active fractions over a pH 3-1 1 gradient were pooled and
*efocused over a pH 3.9-7.1 gradient of ampholytes. These fractions
vere measured for Mc5 epitopes, IgA epitopes, and rotavirus inhibi-
ion in vitro. The open circles indicate the reactivity of each fraction
o the monoclonal antibody Mc5 directed at milk mucin, measured
y enzyme immunoassay as described in the text. The crosses indicate
he levels of IgA in each fraction as determined by enzyme immuno-
ssay. The shaded area indicates fractions that displayed > 50% inhi-
)ition of 100 plaque-forming units of the SA- 1 I strain of rotavirus,
ultivated in MA-104 as described in the text.

70-kD Component

46-kl Component

directed at the human milk mucin complex (38). Wefound
that the affinity-purified milk mucin complex inhibits the repli-
cation of SA- 11 virus at a concentration of 0.1 g/ml, or a
3,000-fold increase in specific activity (Fig. 1 ). Deglycosyla-
tion of the mucin complex by treatment with hydrogen fluo-
ride for 3 h at room temperature, conditions that result in the
hydrolysis of most glycosidic bonds, resulted in a substantial
reduction in rotavirus inhibitory activity. No significant inhibi-
tion was measurable at 10 ,gg/ml, the highest concentration of
the deglycosylated mucin that was available for testing.

Wealso investigated the binding of the milk mucin com-
plex to rotavirus proteins in a solid-phase radio-binding assay.
As depicted in Fig. 4, we found that the native affinity-purified
milk mucin complex binds specifically to cells infected with the
SA- 11 strain of rotavirus. Wefurther fractionated the milk mu-
cin complex under reducing conditions that result in the disso-
ciation of the complex. Wefound that, after such treatment,
specific rotavirus binding was associated with the 46-kD com-
ponent of the mucin complex; significant binding was not
found with the 70-kD glycoprotein component nor with the
reduced macromolecular mucin, which did not contain the
associated components.

Wealso found that the 46-kD component bound to simian
rotavirus strain RRV(VP7 serotype 3) and to human rotavirus
strains Wa, DS- 1, P, and ST3, (VP7 serotypes 1, 2, 3, and 4,
respectively (Fig. 5). The 46-kD component bound to each of
the human strains with approximately equal avidity. The level
of binding of the 46-kD component to the human strains did

1.20 1.80 2.40 8.00 3.60 4.20 4.80

lC t r

Figure 4. Binding of rotavirus to human milk mucin components.
Aliquots of MA-104 cells infected with the RRVstrain of rotavirus
were immobilized onto the wells of microtiter plates previously coated
with methylated bovine serum albumin (46). Additional wells were

coated with uninfected MA-104 cells to serve as controls. The virus
and control wells were reacted with native affinity-purified milk mu-

cin complex or with mucin components purified from the native
complex by preparative gel electrophoresis under reducing conditions
as described in the text. Binding of the mucin components to the
virus-infected and control cells was determined by reaction with
monoclonal antibodies (Mc5, Mc13, Mc16) directed at mucin com-

ponents followed by '25W-labeled anti-murine IgG. The plotted values
indicated the mean of quadruplicate determinations calculated by di-
viding the mean number of counts generated in the wells coated with
virus-infected cells by the mean number of counts generated in the
wells coated with uninfected MA-104 cells (V/C ratio). The error

bars indicate the standard deviation of each mean expressed in a

similar manner.
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Figure 5. Binding of rotaviruses to human milk 46-kD component.
The indicated rotavirus strains were cultivated in MA-104 cells and
immobilized onto microtiter plates as described for Fig. 3. The im-
mobilized virus and uninfected control cells were reacted with native
and desialylated 46-kD human milk glycoprotein prepared as de-
scribed in the text. Binding of the 46-kD components to the virus and
control wells was determined by reaction with the Mc16 monoclonal
antibody directed at the peptide portion of the 46-kD glycoprotein
followed by '25W-labeled anti-murine IgG. The plotted values indi-
cated the mean of quadruplicate determinations calculated by divid-
ing the mean number of counts generated in the wells coated with
virus-infected cells by the mean number of counts generated in the
wells coated with uninfected MA-104 cells (V/C ratio). The error
bars indicate the standard deviation of each mean, expressed in a
similar manner.

not differ significantly from the level of binding to the simian
strain. As depicted in Fig. 5, the chemical hydrolysis of sialic
acid resulted in a substantial decrease in binding of the 46-kD
glycoprotein to the rhesus rotavirus strain as well as to all of the
other rotavirus strains that were evaluated (all P < 0.01; two-
tailed t test). It should be noted that, since these binding studies
were performed with virus-infected cells rather than with puri-
fied virions, the possibility that the 46-kD component is bind-
ing to cellular proteins, which are upregulated during the
course of viral infection, cannot be totally excluded. The molec-
ular nature of the interaction between milk, viral, and cellular
components is the subject of ongoing investigations.

Wealso tested the efficacy of feeding milk components on
the prevention of rotavirus gastroenteritis in a mouse model of
rotavirus infection. As depicted in Fig. 6, the macromolecular
fraction of human milk totally prevented the development of
rotavirus gastroenteritis in the animal model. Furthermore,
feeding the milk acidic glycoprotein component along with ro-
tavirus resulted in > 90% protection against symptomatic gas-
troenteritis. On the other hand, neither infant formula based
on cow milk or tissue culture media resulted in measurable
protection against symptomatic infection.

Discussion

These studies document that nonimmunoglobulin compo-
nents of human milk inhibit the in vitro replication of rotavi-
ruses and can prevent the development of rotavirus gastroen-
teritis in an animal model of rotavirus infection. Wefound that

Culture Media
N-18

0 20 40 60 s0 100

% Animals with Qastroenteritle

Figure 6. Efficacy of milk components for the prevention of experi-
mental rotavirus gastroenteritis. The EDIM strain of murine rotavirus
was incubated with the indicated milk or control components ahid
fed to suckling mice. The animals were observed for the development
of gastroenteritis for 3 to 5 days after infection. The bars indicate the
percentage of animals that developed clinically apparent rotavirus
gastroenteritis and the numbers adjacent to the bars indicate the
numbers of animals used for each experiment. The macromolecular
and acidic glycoprotein components of milk were tested at concen-
trations of 100 Ag/ml. The bovine milk formula and the tissue culture
media were tested without dilution.

a substantial proportion of the antiviral activity is associated
with fractions that contain milk mucin complex. Humanmilk
mucin is a highly glycosylated macromolecule consisting of
50% carbohydrate, most of which is O-linked. In its native
state, human milk mucin is found complexed with several
smaller molecules, including a disulfide-linked 70-kD glyco-
protein and a 46-kD glycosylated component (47-51). The
biological functions of the milk mucin and the associated sub-
units have not been fully defined.

Wefound that the native human milk mucin complex in-
hibits rotavirus replication at concentrations as low as 0.1 jIg/
ml ( - 2 x 10-10 mol/liter, based on a molecular weight of
500,000). The affinity-purified material cannot be directly
compared to its concentration in the original milk because of
the nonquantitative nature of the purification scheme. How-
ever, the 3,000-fold increase in specific activity indicates that
this molecule has extremely high ability to block rotavirus repli-
cation. Furthermore, the complex binds to rotavirus, as mea-
sured in a solid phase-binding assay. Upon reduction and sepa-
ration of the mucin components by polyacrylamide gel electro-
phoresis, a substantial portion of the viral-binding activity was
found to be associated with the 46-kD glycoprotein subunit of
the milk mucin complex. This 46-kD molecule is of interest
because of its extended regions of homology in the C, C2 region
(phospholipid-binding region) of human clotting factors Vand
VIII, and its several potential O-linked and N-linked glycosyla-
tion sites (51 ). The 46-kD glycoprotein appears to be linked to
the mucin complex by an unknown mechanism but does co-
purify with the complex under the nondenaturing conditions
employed for the affinity-purification experiments. The rela-
tive importance of the milk mucin components in the antiviral
activity of the human milk mucin complex is the subject of
ongoing investigations; these determinations will require the
generation of the purified 46-kD component in sufficient
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quantities for the performance of studies using cell culture and
animal model systems.

This report does not address the molecular mechanisms of
action of the antiviral milk glycoproteins. However, it is of note
that we found that the chemical hydrolysis of sialic acid from
the milk mucin and from the 46-kD glycoprotein component
substantially reduced rotavirus binding. Wechose to use chemi-
cal, as opposed to enzymatic, hydrolysis as previous studies
with bovine mucins indicated that some sialidases might not
remove the specific linkages involved in viral binding and neu-
tralization (35).

The specificity of a chemical method for the hydrolysis of
glycosidic linkages is dependent upon the reaction conditions
that are employed. The glycosidic linkages of sialic acid resi-
dues of glycoproteins are uniquely sensitive to mild acid hydro-
lysis. However, the use of 0.1 N of hydrochloric acid results in
the destruction of 20%of acylneuraminic acids released during
acid hydrolysis of erythrocyte membranes (52). Thus the use
of dilute sulfuric acid for the hydrolysis of sialic acid is pre-
ferred due to its specificity for the glycosidic linkage. The re-
lease of sialic acids from human serum and brain was optimal
with 0.1 N sulfuric acid at 80'C for 1 h, depending on the
concentration of sialic acids in the sample (53). For bovine
cervical mucopolysaccharide, human cervical mucopolysac-
charide, and dilute goat serum, 1 h was the optimum time of
hydrolysis for 0.1 N H2SO4 at 80'C (42). These conditions
were also used for the analysis of sialic acids in a wide variety of
biological samples (44, 54). On the other hand, optimum re-
lease of sialic acids from rabbit Tamm-Horsfall glycoprotein
occurred with digestion with 0.5 MH2SO4at 80'C for 1 h (55).
These more mild conditions were also used to effect the release
of sialic acid from the thyroglobulins of several species before
their quantitation (56). In animal glycoproteins, the glycosidic
linkage involving fucose is also exceptionally sensitive to acid
hydrolysis; the minimum conditions for the optimum release
of fucose during acid hydrolysis are 0.6 N H2SO4at 100°C for
60 min. Thus, we selected conditions for acid hydrolysis (0.08
N H2SO4, 800C, 60 min) with the highest likelihood for the
specific but complete release of sialic acid, a calculated release
of - 3% of the fucose (43) and negligible release of other su-
gars.

It is of note that the chemical hydrolysis of the sialic acids
from the 46-kD component reduced binding to rotavirus
strains, which are reported not to hemagglutinate erythrocytes
or to bind to other sialic acid-containing compounds (57). It is
thus possible that the linkages involved in viral binding to the
46-kD human milk component are different from those pres-
ent on erythrocytes and other sialic acid-containing com-
pounds. An alternative possibility is that the virus does not
bind directly to a sialic acid-containing portion of the target
molecule, but the removal of sialic acid results in a conforma-
tional alteration of the 46-kD-binding epitope. The possibility
that the chemical hydrolysis of the 46-kD glycoprotein elimi-
nated reactivity of the MC16 monoclonal antibody to solid-
phase glycoprotein is unlikely in light of the fact that this anti-
body is known to recognize a peptide domain of the glycopro-
tein (38). Furthermore, monoclonal antibody binding to the
46-kD glycoprotein can be demonstrated after chemical desia-
lylation. The exact sugar specificities that determine rotavirus
binding to the 46-kD glycoprotein and to other glycoproteins
of human and animal origin is the subject of ongoing investiga-
tions.

It is of note that a macromolecular component of human
milk has been shown to inhibit the replication of respiratory
syncytial virus (RSV). This > 400-kD material retains its anti-
viral activity even when immunoglobulins are removed by af-
finity chromatography (58). It is thus possible that this macro-
molecular component has similarities to the macromolecular
components that we identified as having antirotavirus activity.
The surface glycoproteins of RSVare heavily glycosylated and
treatment with a range of glycosidic enzymes markedly reduces
viral infectivity; however, the role of specific sugar moieties in
the interactions between RSVand cellular receptors have not
been defined precisely (59, 60). Further studies of the anti-
RSVand antirotavirus macromolecules will allow for the more
precise comparison of these antiviral milk factors. It is possible
that highly glycosylated milk mucins and associated proteins
are capable of inhibiting the replication of a wide range of vi-
ruses that use similar cellular binding mechanisms. Additional
studies will be required to determine the role of milk mucins in
the replication of other pathogenic agents.

Our data indicate that acidic protein molecules are the ma-
jor nonimmunoglobulin components of human milk with an-
tirotaviral activity. Previous studies have indicated that rota-
viruses bind to purified glycolipid compounds (61) and that
milk lipids inhibit the replication of other viruses (31 ). How-
ever, we did not find evidence of rotavirus inhibitory activity in
the lipid fractions of the milk that we examined. The possibility
that other methods of isolation might result in the identifica-
tion of milk lipids with antirotaviral activity should be the sub-
ject of additional investigations.

Our studies document that human milk mucinous glyco-
proteins inhibit the replication of rotaviruses in tissue culture
and can prevent the development of rotavirus gastroenteritis in
an animal model of infection. Studies of individuals have indi-
cated qualitative and quantitative variation in the mucins pres-
ent in human milk (62). It is thus possible that the levels of
antirotaviral factors will vary depending upon genetic, nutri-
tional, or environmental factors; these differences might ex-
plain the variable effects of breast-feeding on rotavirus infec-
tion noted in different populations (24-30). It is also possible
that different strains of rotaviruses will display variable degrees
of inhibition by milk glycoproteins, possibly related to varying
degrees of affinity for sialic acid-containing cellular recep-
tors (57).

The further definition of the structure-function relation-
ships of antiviral glycoproteins in human milk and of their
mechanisms of action may allow for disease susceptibility in
breast-fed infants to be predicted, either on the basis of direct
measurement of the relevant milk component or on the basis
of the underlying genetic correlates of such variation. Further-
more, the precise characterization of the antiviral glycoproteins
might allow for the generation of large quantities of antirota-
viral materials from human, bovine, microbial, or synthetic
sources. These compounds may form the basis for new thera-
peutic modalities for the prevention and treatment of gastroin-
testinal infections in children who cannot be breast-fed and in
other individuals at high risk for viral gastroenteritis.
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