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concluding that anti-infective factors in hu-
man milk afford invaluable protection
against a variety of diseases. The unique-
ness of human breast milk warrants inten-
sive efforts to overcome obstacles that
prevent infants, especially neonates, from
receiving an uninterrupted supply.? [ ]
Requests for reprints to: Dr Jonga, Alleryy
Nutrition Research Program, Vancouver General Hos-
prtal, British Columbia’ Health Sciences Centre, D
Flooy, Heather Pavilion, 2733 Heather St, Vancouver,
BC V52 1M9
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The protective agents in
colostrum and mature breost
milk include specific
antibodies, enzymes,
levkocytes and their products,
antibinding factors, antiviral
factors, promoters of ¢
protective intestinal
microflora, and immune
stimulators. These agents
persist through the length of
the infant’s digestive tract,
are unaffected by gastric acid
and digestive enzymes, are
present throughout lactation,
and protect by
noninflammatory mechanisms.

Parmi les agents protecteurs
que I'on retrouve dans le
colostrum et le lait maternel
mature, notons des anticorps
spécifiques, des enzymes, des
leucocytes et leurs dérivés,
des facteurs anfifixation, des
facteurs antiviraux, des
activateurs de la microflore
intestinale protectrice et des
stimolonts immunitaires. Ces
agents se retrouvent répartis
dans tout e tractus digestif
de "enfant, ne sont pas
affectés por I'acide gastrique
et les enzymes digestifs, sont
présents tout au long de la
période de lactation et
assurent une protection grace
il des mécanismes non
inflammatoires.

Can fom Physician 1992;38:1849-1855.

Breast Milk

A vital defense against infection

JANICE M. VICKERSTAFF JONEJA, PHD

HE INCIDENCE AND SEVERITY

of infections in breast-fed

infants are significantly low-

er than bottle-fed infants.'

Although this was originally
thought to be the result of increased expo-
sure to contamination from bottle-feeding,
recent research shows that specific agents
in breast milk protect the exclusively
breast-fed baby from infection even when
pathogenic microorganisms have been in-
gested.? During the past decade several of
these agents have been identified; also, the
way in which the defense system contained
in breast milk operates in breast-fed infants
is now beginning to be understood.”

Anti-infective activity

of human milk

Breast milk interferes with or prevents many
of the reactions that occur once infection is es-
tablished, such as microbial adherence, colo-
nization, multiplication, antitoxin activity
against bacteria, and neutralizing activity
against viruses.! Researchers have dem-
onstrated that this anti-infective activity is due
to more than 20 distinct substances in colos-
trum and mature breast milk, including
secretory immunoglobulin A (sIgA), immuno-
globulin G, immunoglobulin M, lactoferrin,
fibronectin, leukocytes, lysozyme, lactoperoxi-
R
Dr Joneja is dirctor of the Allergy Nuinition

Research Program at British Columbia$ Flealth

Sciences Centre, Vancowver General Hospital.

dase and other enzymes, antienzymes, antiox-
idants, various glycoconjugates, and fatty
acids.’* Although these biochemical agents
differ widely in their structure and mode of
action, they have several properties that make
them particularly suited to defense against in-
fection in the newbom: they resist digestion
in the alimentary tract; they persist through-
out lactation; and they protect by noninflam-
matory mechanisms.”

Protective agents in colostrum and ma-
ture breast milk provide the infant with a
barrier to infection at several different lev-
els. Some of these agents are antigen-specific;
others have general antimicrobial activity;
some stimulate the infant’s own immune
system; others promote the establishment
of a protective microflora. Together, they
protect the infant during its most vulner-
able period of life.

Immune system

of the normal neonate

Neonates are immunologically immature.
Most elements of the immune system are in
place in the normal full-term neonate, but
do not function at a level that provides ade-

quate protection against infection. Phago-
cytes are able to engulf foreign particles, but
their killing capacity is negligible during the
first 24 hours of life. The functioning capac-
ity of T lymphocytes and B lymphocytes is
not fully developed, and the level of immu-
noglobulins of all classes is only a small frac-
tion of that of a mature adult.”
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Levels of IgM and IgG at birth depend
on whether infection in utero has sumulated
their production. The antigen-stimulated fe-
tus is able to synthesize IgM by 10.5 weeks
of gestation and IgG by 12 weeks. Infants,
however, are usually born without antigenic
stimulation in utero and have little circulat-
ing antibody at birth. Immunoglobulin G
antibody is almost completely derived from
the mother by active and selective transfer
across the placenta. The level of maternal
IgG in the infant’s serum declines rapidly af-
ter birth; at 4 months it falls to about 50%
or less and is usually undetectable by
9 months.” The infant normally commences
production of its own IgG soon after birth
and by 12 months is producing 60% of the
adult level.®

Serum and secretory IgA are absent at
birth, and the newborn period is character-
ized by a lack of IgA. Measurable quantities
of secretory IgA are generally observed
only after the first 2 or 3 weeks of life.” In
most infants, the level of secretory IgA rises
rapidly and reaches adult values by
6 months or earlier.* while the level of se-
rum IgA rises much more slowly, reaching
about 20% of the adult level at 12 months
and 75% at 16 years.” Immunoglobulin E
is detectable as early as 11 weeks of gesta-
tion? and can reach about 20% of the adult
level at birth.

Levels of complement components in
the newborn are low, and there is little or
no placental transfer, contributing to the
immune system’s relative lack of microbial
killing capacity at this time.” Fortunately,
this deficient system is naturally augmented
by the variety of antimicrobial agents con-
tained in colostrum and mature breast
milk.

Secretory IgA in human milk. Secreto-
ry IgA is present in all mucosal secretions
in the immunologically mature human, but
is absent in the neonate. It is the first line
of defense against infection by microorgan-
isms entering through any mucosal surface
in the body; thus its absence renders the
newborn extremely vulnerable.

Secretory IgA is probably the most im-
portant protective element in human milk.
It comprises more than 90% of the immu-
noglobulin in colostrum and mature breast
milk and is produced specifically against

microorganisms encountered in the mater-
nal environment.” The concentration of
sIgA in colostrum during the first 24 to
48 hours of lactation is extremely high; lev-
els seem to vary among individuals, and
amounts from 2 to 88 mg/mL have been
reported.” This is 300 times more sIgA than
is found in parotid secretion and 60 times
more than in unstimulated whole saliva.
Mature human milk provides about 1 g/d
of sIgA throughout lactation and is an effec-
tive replacement for the mucosal sIgA lack-
ing in the neonate.'’

The nursing infant ingests considerable
quantities of sSIgA antibodies during the first
weeks of breast-feeding. Because the anti-
bodies are specific to respiratory and
enteric microorganisms in the infant’s envi-
ronment, some of which can be pathogenic,
early feeding of colostrum (during the first
half hour of life) and exclusive breast-feed-
ing for the first 3 months is extremely im-
portant, ensuring maximum continuous
immunity, especially when the risk of infec-
tion is particularly high.

Protection  through  breast-feeding
against enteric pathogens such as patho-
genic Escherichia coli and Vibrio cholerae, has
been shown to be largely from specific sigA
antibodies in human milk.""'? A recent re-
port'® clearly demonstrates the protective
role of sIgA: in a study of Campylobacter fetus
Jjguni diarrhea in a group of 98 Mexican
children, attack rates of diarrhea in infants
younger than 6 months who were bottle-fed
were 2.3 times greater than those who were
breast-fed, and breast-fed children re-
mained free of diarrhea for a longer time
than bottle-fed children. Most importantly,
the milk consumed by the children who de-
veloped diarrhea did not contain sIgA anti-
bodies to Campylobacter antigen, while the
colostrum and breast milk consumed by the
infection-free children did.

Not only does sIgA provide direct ant-
gen-specific defense against infection, but
it also acts synergistically with a number of
anti-infective agents, such as lactoferrin, in
colostrum and mature milk to provide a
second antimicrobial barrier.

Lactoferrin and free iron. Lactoferrin,
like transferrin, is an iron transport glyco-
protein. It is one of the most important
whey proteins in human milk. About 80%
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of the iron-binding sites on human lactofer-
rin are unsaturated,® making it efficient in
binding all the free iron available in human
milk and transporting it through the intesti-
nal mucosa of the infant.

Microorganisms also require iron for
growth, and many strains synthesize
iron-binding proteins called siderophores,
which appear on their surfaces.'* Enteric
strains of microorganisms in the infant’s in-
testinal tract avidly compete with lactofer-
rin for the free in milkk. When
abundant free iron is available, for exam-
ple, in iron-enriched infant formulas,
growth of enteric microorganisms is active-
ly promoted. There is, therefore, a definite
risk in feeding iron-enriched formula to an
infant, especially one who is exposed to po-
tential pathogens.'

Some investigators have suggested, with
good cause, that the decrease in free iron
mediated by such cytokines as interleukin-
that occurs in infection and inflammation
is an important non-specific defense tactic
of the immune system. ! While an iron defi-

iron

ciency can impair certain immune re-
sponses, it can also impair infection, and
iron replacement can facilitate the growth
of infectious microorganisms to the detri-
ment of the host.

The safe “window” between iron defi-
ciency and iron excess in this instance is
very narrow, and the level of iron in human
milk (about 1.5 mg/L") is optimal for max-
imum protection of the infant from infec-
tion."” In comparison, iron-enriched infant
formulas contain an excessively high level
of iron.'” Furthermore, the amount of iron
the infant absorbs from cow’s milk formulas
is considerably lower than that absorbed
from human milk (about 5% to 10% from
infant formulas, compared with 50% from
human milk); this unabsorbed excess is con-
sequently available for microbial use.
Therefore, increasing the level of free iron
by administering iron-enriched supple-
mental feedings can promote the growth of
microorganisms and increase the risk of
infection.

Secretory IgA plays a further role in lim-
iting microbial access to free iron. Recent
studies have shown that sIgA molecules can
bind to siderophores on the surface of
bacteria, blocking the iron-binding sites
and exerting a powerful bacteriostatic

effect.'® This effect has been shown for sev-
eral enteric bacteria including E colt, Pseudo-
monas aeruginosa. and Legionella pneumophila.'®

As a consequence of feeding iron-enriched
infant formula, the baby is deprived of
antigen-specific sIgA, lactoferrin, and the
siderophore-blocking effect of sIgA and is ex-
posed to an excessive quantity of free iron,
promoting the growth of microorganisms,
some of which undoubtedly will be potential
pathogens.

Promotion of a protective microflo-
ra. Breast milk contains growth promoters
that encourage the establishment of a dom-
inant resident microflora in the lower intes-
tinal tract of breast-fed infants. Certain
oligosaccharides promote the growth of
lactobacilli and bifidobacteria,”® resulting
in flora that are predominantly saccharoly-
tic. In addition, breast milk has a low buff-
ering capacity and allows the acid end
products from bacterial metabolism to ac-
cumulate.” In the intestine of breast-fed in-
fants, the pH is approximately 5.0 because
of organic acids, such as acetic, propionic,
succinic, formic, and lactic, produced by
the resident flora. At this pH value, the
multiplication of many bacterial patho-
gens, including strains of E coli, Salmonella,
Shigella, and Clostridium, is inhibited.?

In formula-fed infants acid is also pro-
duced by the microbial flora, but is not al-
lowed to accumulate because formula has
a higher buffering capacity than human
milk due to its higher protein and mineral
content. More alkaline conditions are thus
produced, and slow-growing lactobacilli
are not able to compete successfully with
fast-growing enterobacteria. A more alka-
line environment thus favors the establish-
ment of a predominantly proteolytic
microflora, which often include potential
pathogens.”

There have been several attempts to re-
place the formula-induced proteolytic flora
with potentially less pathogenic strains of
microorganisms.?’ Reports from the Soviet
Union indicate that, by introducing lacto-
bacilli in milk given to newborns, the
numbers of intestinal E coli could be sub-
stantially reduced. Another study found a
significantly larger weight gain during the
first month of life in botde-fed neonates
given lactobacilli in their milk. Obviously,
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uninterrupted breast-feeding would pro-
vide these benefits to the infant without the
necessity of replacing the natural flora.?!

Bacterial anti-IgA proteases. When
the protective microflora are disrupted, the
infant’s fragile immune system can be fur-
ther compromised by bacteria that have the
specific ability to destroy antimicrobial
agents. Some strains of bacteria produce a
protease enzyme that can cleave sIgA into
two fragments, rendering the antibody in-
active and destroying its antimicrobial ac-
tivity.? Under normal conditions the
secretory component of sIgA protects the
antibody from common microbial and in-
testinal enzymes, but this resistance does
not apply to the IgA proteases released by
certain strains of bacteria. Such proteases
have been detected in several members of
the Enterobacteriaceae and Clostridium species
and diverse pathogens causing bacterial
meningitis and oral, vaginal, and urinary
tract infections.'®

Clearly, feeding infant formula during

the first few weeks of life carries an addi-
tional risk. The infant is not only deprived
of a continuous supply of sIgA and other
antimicrobial agents but also is exposed to
the possibility of having what little pro-
tective sIgA is available destroyed by
protease-producing bacteria. Consequent-
ly, the chances of infection are significantly
higher.
Lysozyme. Another important anti-
microbial agent found in relatively high
concentrations in human milk is lysozyme.
This protein lyses susceptible bacteria by
hydrolysing B-1,4 linkages between
N-acetylmuramic acid and 2-acetylami-
no-2-deoxy-D-glucose residues in cell
walls.2? Tt is relatively resistant to digestive
enzymes, such as trypsin, and to denatura-
tion by gastric acid.> Evidence of the per-
sistence of lysozyme throughout the
digestive tract is confirmed by its high levels
in the stool of breast-fed infants —the
amount of lysozyme in the stool of
breast-fed infants is eight times that of in-
fants fed cow’s milk.?

The action of lysozyme is fairly
non-specific because it will lyse any
bacteria that have the specific B-1,4 linkage
in their cell walls. It has been shown to be

active against a range of bacteria, including
pathogenic enterobacteria, such as E coli,
Salmonella, and Mycococcus lysodeikticus."’

Agents that prevent adherence of mi-
croorganisms. In order to colonize and
establish infection, microorganisms must
adhere to a surface and multiply at that site.
Adherence of microorganisms to body
surfaces involves both non-specific hy-
drophobic interactions and specific interac-
tions between adhesins on the microbial
surface complementary to host surface re-
ceptors.'® Agents that prevent microorgan-
isms from binding to body cells by either
mechanism are effective anti-infective
agents; human milk contains a number of
these, mostly carbohydrate moieties. Ex-
amples include’ fucose-containing oligo-
saccharides that inhibit the binding of
classic V cholerag; mannose-containing gly-
coproteins that inhibit binding of El Tor vi-
brio; glycoproteins and glycolipids that
inhibit binding of enterotoxigenic strains of
E coli; and oligosaccharides that inhibit
binding of Streptococcus pneumoniae and Hae-
mophilus influenzae.

Several studies indicate that sIgA also
plays an important role in inhibiting micro-
bial adhesion by blocking adhesins on mi-
crobial surfaces, thereby amplifying the
antibinding capacity of human milk.'®

Antitoxin activity. In a similar fashion,
microbial toxins can exert their effects only
if they gain access to susceptible body cells.
In order to enter a cell, the toxin binds to
a specific receptor on the cell surface. If the
receptor is absent or is blocked by another
molecule, the toxin is ineffective. Human
milk contains monosialogangliosides that
are receptor analogs for E coli and V cholerae
toxins; the gangliosides block the receptors
and prevent the toxins from entering the
cells.'" This is the probable mechanism
whereby breast-fed children in a Bangla-
desh study were protected from clinical
cholera even though they were colonized |
by pathogenic strains of V' cholerae.®

Antiviral factors. A variety of non-specific
antiviral factors have been demonstrated
in  human colostrum and mature
breast milk.?* These include proteins resem-

bling o,-macroglobulin, ribonucleases, and
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glycoproteins. Fatty acids and monoglycer-
ides produced from milk fats by lipases in
the recipient and in the milk are able to dis-
rupt enveloped viruses® to aid in preventing
coronavirus infections in the intestinal
tract® and to defend the infant from intesti-
nal parasites, such as Giardia lamblia. Such
fatty acids in human milk have been shown
to neutralize herpes simplex, Semliki Forest
virus, Ross River virus, and Japanese B en-
cephalitis virus, and to be active against
some bacteria, including Staphylococcus
aureus."’?

There have been several studies on the
role of human milk in preventing infection
by respiratory syncytial virus (Rs virus),
which is probably the single most common
cause of respiratory infection in infancy and
is associated with significant morbidity.?* In
several of these studies, virus-specific sIgA
in the colostrum and milk of mothers in-
fected with Rs virus was credited with sig-
nificantly reducing the risk of Rs virus
infection in the nursing infant.**

In a separate study, serum levels of inter-
feron alpha were strikingly increased in
breast-fed infants during the first 2 to
4 weeks after infection with Rs virus com-
pared with Rs virus—positive infants who
were not breast-fed. Because there is little
interferon alpha in human milk, it was con-
cluded that factors in human milk are able
to prime leukocytes in the milk or in the
host to produce it.?

Although the work of detecting specific an-
tiviral agents in human milk is only in its carly
stages, specific antibody and cell-mediated im-
munologic activity against many specific vi-
ruses has been shown in mature mik and
colostrum.?* Susceptible viruses include Cox-
sackievirus, cytomegalovirus, dengue virus,
ECHO viruses, herpesvirus, human immuno-
deficiency virus, influenza virus, Japanese
B encephalitis virus, mumps virus, poliomyeli-
tis virus, Rs virus, Ross River virus, rotavirus,
rubella virus, and Semliki Forest virus.

Leukocytes in human milk. A variety
of leukocytes appear in human milk; their
numbers are highest in the early days of lac-
tation (1 to 3 x 10° cells/L) and gradually
decline over the next 2 to 3 months.? By
the end of the first postpartum week, the
cell concentration has declined to about
162 eella/ 1.7

Neutrophils and macrophages are the
most numerous leukocytes in human milk.
Although the neutrophils are significantly
less active than blood neutrophils, the ma-
crophages are more active. They are far
more motile and produce more toxic oxy-
gen radicals than their counterparts in
blood.? This increased activity can be due
in part to factors in human milk that pro-
mote monocyte activity; the rate of move-
ment of blood monocytes significantly
increases by incubation in human milk.”
The identity of these kinetic factors remains
to be determined, but recent evidence sug-
gests that one of them may be tumor necro-
sis factor-0. or agents that stimulate its
production,’ and another is probably
monocyte chemotactic factor.?’

The functions of human milk macro-
phages include phagocytosis, interferon
production, immunoregulation, and stimu-
lation of epithelial growth. In addition to
their limited phagocytic activities, neutro-
phils also promote chemotaxis.

Lymphocytes are also present in colostrum
and mature breast milk.> They are principally
T lymphocytes and are similar to those in
blood. Both OKT4-positive (helper-inducer
phenotype) and OKT8-positive (cytotox-
ic-suppressor phenotype) subsets of T lym-
phocytes are evident.” Maternal T lympho-
cytes reactive to tuberculin protein have been
shown to be transferred in colostrum to the
nursing infant,” indicating that human milk is
a suitable method of transferring maternal
cell-mediated immunity. Human milk lym-
phocytes are capable of generating such cyto-
kines as interferon alpha and monocyte
chemotactic factor,”” but seem to have poor
cytotoxic capacity.

The specific role that maternal leuko-
cytes play in defending the infant from in-
fection has yet to be determined.?

Factors that stimulate

the infant’s immune system

There is increasing evidence that factors in
mature breast milk and colostrum stimulate
the infant’s own immune system, and there-
by promote active immunity as well as con-
ferring passive protection.’> Some recent
reports claim that human milk stimulates
mucosal sites to produce sIgA*® and infant
leukocytes to produce interferon alpha,?
and to synthesize increased levels of
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Table . SECRETORY IMMUNOGLOBULIN A, LYSOZYME, AND LACTOFERRIN IN
COLOSTRUM AND MATURE BREAST MILK

SUBJECT

SIGA* NO. OF SAMPLES

ANALYZED

LYSOZYME*

NO. OF SAMPLES
ANALYZED

LACTOFERRIN®  NO. OF SAMPLES

ANALYZED

Well-nourished women

Undernourished women

Well-nourished women

Undernourished women

335.9 (+37.39) 17 14.2 (£2.11)

374.3 (+42.13) 10 16.4 (£2.39)

119.6 (£7.85) 12 24.8 (+3.41)

118.1 (£16.2) 10 23.3 (£3.35)

15 420 (£49.0) 28

21 520 (+69.0) 19

10 250 (£65.0) 17

23 270 (£92.0) 13

Measured in mg/ 100 mL.

Adapted from Keusch, Wilson, and Waksal.'®

fibronectin,®® a protein that promotes the
uptake of particles by phagocytes, also pres-
ent in colostrum and mature milk.

Several immunostimulatory agents have
been identified in human milk, including
o-tocopherol (which also acts as an antioxi-
dant and could, therefore, play a double
role in protecting the infant) and cytokines
that activate monocytes and macrophages.?
Their specific role in protecting the infant
is not yet known.

Although the evidence for immune
stimulation is significant, it is often difficult
to distinguish the maternally derived
anti-infective agents from those produced
by the infant, and much work remains to
be done in this area of research.

Long-term protection

Breast-feeding can do more than provide
immediate protection to the suckling infant.
Epidemiologic studies based on retrospective
data indicate that the effect of early immune
stimulation can be long-term. A significantly
reduced incidence of insulin-dependent dia-
betes mellitus® and a decreased risk of lym-
phomas® have been reported in children
who had been breast-fed compared with
matched groups who were not. Unfortunate-
ly, conclusions drawn from retrospective stu-
dies always carry the risk that uncontrolled
factors could have contributed to the
observed results; thus, caution must be taken
in placing too much weight on such
evidence.

Nevertheless, these studies are valuable,
as they indicate the direction in which fu-
ture research should proceed.

Hazards in breast milk

The exclusively breast-fed infant will ingest
microorganisms, whether or not the moth-
er is healthy. The nature and quantity de-
pend on the personal hygiene of the mother
and on whether she is infected with organ-
isms that might gain access to the infant via
her milk.2 Whether the infant develops an
infection depends on the virulence and
number of the microorganisms ingested
and the immune status of the infant and the
mother. If the mother is actively infected by
a microorganism or virus that is transferra-
ble to the infant, then specific IgA, IgM,
and IgG is usually secreted in her milk;
these help to protect the infant from infec-
tion at the source.** Microorganisms in
human milk need not always be harmful,
and the protection afforded by the milk fre-
quently allows ingestion with impunity
even by infants of low birth weight.?

It is significant that the general and spe-
cific protection transferred in milk is unaf-
fected by the nutritional status of the mother;
the levels of several important anti-infective
agents in colostrum and mature milk have
been shown to be similar in well nourished
and undernourished women (Zable 7).'°

Conclusion
Many researchers in this field are now
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