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Summary Atopic diseases are common health problems in society and their incidence is increasing

unabated. A number of studies in animal models have shown that antigen-speci®c IgE

suppression could be induced for the treatment of allergic disorders. Many of the present

therapeutic strategies in children have not been entirely successful and early breastfeeding

could provide a practicable means of helping the a�ected children. An overview of the

mucosal immune system is hereby presented to explain the natural mechanisms involved

in protecting organisms from allergic reactions to food and other non-harmful antigens

presented at the mucosal surfaces. The protective role of early breastfeeding in modulating

this natural phenomenon is emphasized. The undeniable limitations of breastfeeding in the

management of some peculiar cases of childhood dietary protein intolerance are also

highlighted.
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Introduction

One of the earliest clinically important problems

seen in infants that are at high risk for developing

atopy is the development of signs of cow-milk

proteins intolerance. Twenty to thirty percent of

the population are known to be su�ering from one

form of allergy or another, and the incidence is

continually increasing, especially in the developed

countries (Holt, 1996; Strannegard & Strannegard,

1999).

E�orts geared towards the management of these

allergies have so far been concentrated mainly on

allergen avoidance and production of hypoaller-

genic milk formulae for the feeding of a�ected

infants and those with high risks for developing

atopy. Many of the protein-hydrolysate formulae,

however, still contain signi®cant amounts of the

allergenic milk proteins, such as b-lactoglobulin
(Chiancone et al., 1995). Also, a high percentage

of allergic infants fail to positively respond to any

of the extensively hydrolysed protein formulae

(Businco et al., 1989, 1994; Vaarala et al., 1995).

Further disadvantages of these arti®cial formulae

include the risks of growth or metabolic disturb-

ances to the nursing infant, as well as their high

prices (Bjorksten, 1984; Giovannini et al., 1994).

Recent advances in protein technology have

made it possible for the development of infant

formulae based on elemental L-amino acids. These

formulae are better tolerated and are e�ective in

the management of children with severe symptoms

and cases of multiple food protein intolerance

(Isolauri et al., 1995; Vanderhoof et al., 1997; Hill

et al., 1999a2 ). Incidentally, these amino-acid based

formulae have also been found to be e�ective in

alleviating unremitting symptoms of gastroesoph-

ageal re¯ux and eosinophilic oesophagitis (Kelly

et al., 1995; Heine et al., 20003 ). Infant formulae

based on chicken or lamb-meat protein have also
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been found to be less allergenic and useful in the

management of children who are allergic to the

hydrolysate formulae (Weisselberg et al., 1996).

Recommendation of prolonged exclusive breast-

feeding of high-risk infants on the other hand, has

been shown to provide both short- and long-term

bene®ts in reducing the incidence of atopic disor-

ders in infancy and later in childhood. Only few

studies, mainly from the developed countries, have

reported cases in which breastfeeding have actu-

ally aggravated symptoms of childhood protein

allergies (Isolauri et al., 1999). The di�erences in

the pattern and prevalence of atopic diseases

observed between the poor developing and indus-

trialized countries might be related to both genetic

and cultural factors such as level of consumption

of polyunsaturated fatty acids (Hill et al., 1999b;

Kankaanpaa et al., 1999).

Generally, the exact mechanisms underlying the

development of food-related allergies on the one

hand, and the immunomodulatory role of early

breastfeeding on the other hand, are only incom-

pletely understood. However, the risk of manifest

intestinal atopy is generally increased by early

intake of foreign allergens in the presence of

genetic predisposition (Sasai et al., 1994). It is now

evident that the immune system of both atopic and

normal individuals are capable of responding to

various nonpathogenic allergens right from late

foetal and early postnatal periods, with a predom-

inant pattern of Th2 antibody production, inclu-

ding IgE (Sasai et al., 1994; Holt, 1996).

Early breastfeeding provide both passive and

active protection to the immature immune system

of the infant by the avoidance of early introduc-

tion of allergenic substances and provision of

adult-type immune deviation mechanisms, respect-

ively. Several mechanisms can be identi®ed which

account for the protection o�ered by breastfeeding

against infections and immunological diseases, in

addition to several other economical, nutritional,

psychosocial and cognitive developmental advant-

ages.

Anatomic structure of mucosal immunity

The lymphoid tissue in the mucosa occur as

loosely constituted lymphocytes isolated through-

out the interstitium, particularly concentrated in

the lamina propria (LP) (Bienenstock et al., 1983).

Intra-epithelial lymphocytes consist almost

exclusively of T lymphocytes in the epithelium of

the intestine and other mucosal surfaces. They

primarily express suppressor/cytotoxicity (CD8)

phenotypes, capable of antibody-dependent cyto-

toxicity, T cell-cytotoxicity and natural killer

(NK) cell functions. Fifty percent of the cells also

contain granules of sulphated mucopolysaccha-

rides and sometimes histamine (Goodacre et al.,

1979). The exact nature of their function and

mechanisms of action is however not known with

any certainty. Their close association with intes-

tinal epithelial cells, which are known to express

mononuclear cells (MHC) class 2 (HLA-D/DR)

antigens, might suggest that these cells are capable

of presenting antigens to the T-lymphocytes,

thereby eliciting an immune response against

invading foreign antigens.

The mucosa also contains solitary sub-epithelial

lymphoid nodules scattered throughout the length

of the intestine and much of the upper and lower

respiratory tracts. In addition, localized aggregates

of lymphoid follicles known as gut-associated

lymphoid tissue (GALT), are also present in the

lower part of the small intestinal Peyer's patches

(PP), tonsil and appendix. A similar structure in

the respiratory tract is the bronchus-associated

lymphoid tissue (BALT). These lymphoid nodules

contain predominantly B cells which are immuno-

globulin A (IgA) surface immunoglobulin positive,

and few thymus-dependent areas, particularly

T-helper cells preferentially speci®c either for IgA

alone or IgA and IgM with a smaller proportion of

suppressor/cytotoxic subsets.

The epithelium overlying these lymphoid nod-

ules contain specialized microfold M-cells which

are highly specialized epithelial cells that pino-

cytose antigens and present them to the under-

lying lymphoid tissues (Bockman et al., 1983).

The GALT represent a site both for primary

immune response to antigens and for the ampli-

®cation of IgA production by cells primed

elsewhere. The PP lymphoid aggregates seems

to be the primary site of B cell priming, which

then migrate to the LP of the intestinal and

other sub-epithelial sites. The IgA-producing

plasma cells in the submucosa account for 49±

84% of cells identi®ed by immunohistochemical

staining for intracytoplasmic immunoglobulins.

The proportion of IgA2+-plasma cells in the
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distal gut, mammary gland and salivary glands

ranges between 34 and 59%, while they consti-

tute only 5±9% in the peripheral lymph nodes

(PLN), spleen and tonsil.

Mucosa associated lumphoid tissues (MALT)

antigen presenting cells (APC) include macro-

phages (Mu) and dendritic cells. While macro-

phages that are capable of presenting antigens to

the lymphocytes are rarely found in the intra-

epithelial compartment, they constitute 5±10% of

the total PP cells.

The lymphoid tissues also contain many post-

capillary, high endothelial venules where lympho-

cytes emigrate, especially but not exclusively from

other mucosa sites.

The next location of lymphoid tissue is the

regional lymph nodes, including mesenteric lymph

nodes (mLN) and bronchiotracheal lymph nodes.

They are located along the major blood vessels

and have e�erent lymphatic vessels leading

sequentially into the cisterna chyli and the thoracic

duct. The regional lymph nodes located in other

mucosal tissues also ultimately drain into the

thoracic duct.

Other components of the mucosal immune

system consist of a population of mast cells with

peculiar characteristics, scattered in the intestinal

interstitium (Goodacre et al., 1979). These play a

signi®cant role in the development of allergic

symptoms to food allergens from homocytotropic

antibodies.

Functional interaction between mucosal

and systemic immune responses

The mucosal and systemic immune systems could

be regarded as independent but closely inter-

related entities, each with its own compartmental-

ization and specialization. The mucosal immunity,

although essentially similar to the systemic system

in terms of a�erent, e�erent and regulatory

components, has developed certain peculiar char-

acteristics and adaptive mechanisms for respond-

ing to the foreign antigens to which it is constantly

exposed. It is presented with di�erent ranges of

antigens and produce di�erent subtypes of anti-

bodies. While the mucosal system produces pre-

dominantly but not exclusively secretory IgA

(sIgA), the systemic system produces predomin-

antly IgG (Table 1a).

Both of them acting independently are essential

for protecting the host from infections on one

hand, and from undesirable immunological reac-

tion to innocuous environmental antigens on the

other hand. They are constantly exchanging

immunological messages and tend to complement

each other in their respective responses. While the

mucosal system responds mainly to locally pre-

sented antigens, it is also capable of responding to

systemic antigens that might be transported to it

through the blood circulation (Ogra et al., 1984).

The systemic immune system might also

mount immune responses to mucosally presented

Table 1 (a) Major di�erences between mucosal and systemic immune responses, (b) Mucosal immune responses

at di�erent stages of antigen arrest

Mucosal immunity Systemic immunity

(a)

Antigenic exposure Both potentially harmful and

essentially life-saving

Mainly harmful foreign antigens

Regulatory mechanisms Potent immunosuppressive mechanisms Minimal immunosuppressive mechanisms

Antibody response Predominantly sIgA Predominantly IgG

(b)

Stage of antigen trapping Intra-epithelial cells Submucosal nodules Peyer's patches Mesenteric nodes

Soluble antigens ± ++ + ++

Particulate proliferative antigen + + ++ +

Intracellular parasites ++ � + �

Cytotoxicity ++ + + +

Humoral responses-antibodies ± + ++ +

Speci®c immunosuppression ± ++ + ++

++ Predominant function; + Subsidiary function.
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antigens, which escape the local responses and ®nd

their way into the circulation (Friedman, 1996). A

proportion of the lymphocytes primed at the

mucosal site migrate into the general circulation,

and vice versa. For example, the mean proportion

of IgG producing lymphocytes in the rabbit

mammary glands were increased after both intra-

venous immunization and mucosal presentation of

similar antigens, although their mean level was

higher after intravenous immunization (Peri et al.,

1982).

Mechanisms of mucosal immune

responses and systemic tolerance

The mucosa is continuously coming into contact

with a wide range of environmental antigens,

some of which are potentially harmful, such as

pathogenic micro-organisms, others bene®cial to

the host, such as the normal intestinal ¯ora, as

well as those that are essential for life, such as

food antigens. The mucosal surface must have

developed mechanisms by which it is able to

identify the relative `harmfulness' of each antigen

and be able to mount appropriate immunological

responses, ranging from immune tolerance,

through immune suppression to speci®c cellular

or humoral immune reactivity. The degree of

invasiveness or ability to penetrate intact mucosal

surface might be a possible mechanism account-

ing for the overall adaptation of the mucosa.

This alone would, however, not account for the

overall speci®city of mucosa responses, as most

of the macromolecular foreign antigens coming

into contact with the epithelial surface, inclu-

ding food materials, are transported across the

mucosa to varying degrees by the specialized

M cells.

The immune system at the mucosal level could

be regarded as consisting of a functionally hierar-

chical arrest-points or immunological stations,

through which absorbed antigens have to go

through. They thereby elicit various immunologi-

cal responses, depending on the degree of their

`aggressiveness' or potential danger to the organ-

ism, in line with the proposed `Danger' model of

immune reactivity (Matzinger, 1994). The nature

of the immune response could also be related to

the pattern of migration of the antigens across the

di�erent immunological regions, each of which

tend to induce a predominantly peculiar response

(Table 1b).

Oral tolerance (OT) is the phenomenon of

systemic unresponsiveness to parenteral immuniza-

tion following oral presentation of the antigen. A

similar process has also been observed following

nasal mucosal presentation of antigens, and seems

to buttress the concept of a `common mucosal

immunity' (Rosales et al., 1984; Waldo et al.,

1994). The characteristics of tolerogenic antigens,

consisting of soluble or particulate proteins, in

contrast to proteins with lectin or `lectin-like'

binding properties, have been recognized

(de Aizpurua & Russell-Jones, 1988). For example,

it was observed that the cells of the murine PP

showed little or no proliferative response to oval-

bumin (OVA) in contrast to active proliferation

induced by Streptococcus mutans, both orally pre-

sented in appropriate dosage. This lack of prolifer-

ative response to OVA by the cells was observed

despite the evidence of an increased level of speci®c

systemic tolerance to OVA compared with

S. mutans antigen (Challacombe & Tomasi, 1980).

The intra-epithelial lymphocytes constitute the

®rst line of the local immune system coming into

contact with luminal antigens. They are probably

adapted to recognize and respond mainly to the

`dangerous' antigens, while allowing the more

innocuous ones to proceed to the next site of

immunological reactivity. Their predominance of

cytotoxic and suppressor T cell populations sug-

gests that they are particularly suited to respond to

rapidly proliferating intracellular pathogens, such

as viruses.

Other sites of immunological surveillance con-

sists of the isolated sub-epidermal nodules of

lymphoid cells and aggregated follicles in the LP

(GALT). There is evidence that the site of primary

immunological response as well as the ampli®ca-

tion of IgA production by B cells that were primed

outside the mucosa is at the level of aggregated

lymphoid tissues, including the PP. At this stage,

the `highly virulent' antigens, such as rapidly

multiplying particulate antigens are arrested and

they sensitize the resident lymphocytes to multiply

and produce antibodies against the o�ending

antigens. The production of the sIgA is partic-

ularly favoured at this site, as well as all other

immunoglobulin isotypes. Sensitized lymphocytes

produced at this site migrate to other mucosal

Mucosal immunity in relation to early feeding M. O. Ogundele344

International Journal of Food Science and Technology 2001, 36, 341±355 Ó 2001 Blackwell Science Ltd



surfaces to mediate similar humoral responses,

as well as seeding into the systemic lymphoid

organs, including the spleen, to mediate a similar

systemic immune response (Cebra et al., 1984).

This adoptive systemic humoral response is, how-

ever, less e�ective and quantitatively incomparable

with the usual response that would have been

induced if the antigen was directly introduced into

the systemic circulation. This might account for

the relatively low levels of systemic antibodies

against common respiratory pathogens such as

following Hemophilus in¯uenza type B infection or

immunization under 2 years of age (Rosales et al.,

1984). On the other hand, soluble, non-prolifer-

ating antigens, such as food macromolecules or

soluble products of bacterial intestinal ¯ora, are

immunologically regarded as `innocuous' or `bene-

®cial' and are allowed to pass through this stage,

eliciting a less aggressive but not ine�ective

immune reaction.

The LP might also represent a favoured site for

the induction of OT. This could be attributed to a

peculiar functional characteristics of its APCs,

including a preferential activation of CD8+ T

lymphocytes (Harper et al., 1996). This would

suggest that the primary immune responses elici-

ted against absorbed food molecules would be

predominantly speci®c tolerance or hyporespon-

siveness, as the LP represents a much greater total

surface area for absorption compared with the

aggregated lymphoid tissues, including the PP.

This proposition is further strengthened by the

recent discovery of a mechanism involving indu-

cible cyclo-oxygenase-2-dependent arachidonic

acid metabolites, particularly prostaglandin E2

(PGE2) in LP MNC, mainly macrophages. These

metabolites are potent modulators of unwanted

immune reactions against dietary and non-

pathologic intestinal antigens (Newberry et al.,

1999), in conjunction with the T-helper cells and

their cytokines.

The next site of immunological response consists

ofmLN,which receive predominantly `safe' soluble

antigens, which more readily escape from being

trapped at the sub-epithelial level. This site is

particularly adapted to stimulate speci®c immune

suppressive responses, particularly the suppression

of IgE production, and prevents unwanted reac-

tions against essential life-saving foreign antigens.

Although suppressorT cells are also found in thePP

(Asherson et al., 1977), they are probably quanti-

tatively less signi®cant than those produced in the

mLN (Challacombe & Tomasi, 1980). The mLN

consist of relatively greater proportion of T lym-

phocytes. In contrast to the cells obtained from

the PP, mNL cells showed reduced proliferative

responses to S. mutans, compared with their

response to OVA. Furthermore, this study also

showed that only cells of mNL could mediate

adoptive transfer of systemic tolerance, rather

than PP cells (Challacombe & Tomasi, 1980).

The sensitized cells transfer the suppressive

immunological responses into the systemic circu-

lation. These cells would mediate, for example, the

observed tolerance to orally presented antigens

(Cebra et al., 1984). The signi®cance of a tempor-

ally delayed suppression of allergy-inducing IgE

was observed clinically in children with respiratory

syncytial virus (RSV) infection. Cell-bound IgE

could be detected on the respiratory epithelial cells

of all the patients at the onset of the infection and

then disappeared in most cases. The IgE antibod-

ies only persisted in children who later developed

allergic responses, bronchiolitis and bronchosp-

asm, suggesting an intrinsic defect in late-stage IgE

suppression (Welliver et al., 1981). This seems to

suggest that the earliest manifestations of immune

reactivity to the mucosaly-presented antigen

consist predominantly of local humoral responses,

followed later by an induction of immuno-

suppression and systemic tolerance.

Some of the soluble, non-proliferative antigens,

being relatively innocuous, could still escape

being trapped at the mLN level and enter into

the general circulation. They then induce a

systemic response, consisting of predominantly

IgG antibody response. Such antigens are also able

to induce a peculiar form of systemic tolerance,

apparently because of their presentation to sys-

temic lymphocytes in the absence of co-stimulatory

molecules (Friedman, 1996).

The exact T-cell mechanism involved in induc-

tion of OT di�ers according to the dosage and

frequency of the tolerogenic antigen, and the age at

antigenic challenge (Weiner et al., 1994; Moreau &

Gaboriau-Routhiau, 1996). Low doses generally

induce preferentially either Th1 or Th2 responses

with the secretion of suppressive cytokines, such

as transforming growth factor-b (TGF-b) and

interleukins (IL)-4,4 IL-10, granulocyte-macrophage
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colony stimulating factor (GM-CSF) and interfer-

on-gamma (IFN-c)5 (Hoyne et al., 1993), while

larger doses induce extrathymic anergy (Lundin

et al., 1996) or depletion (Chen et al., 1995) of the

T cells. The Th2 responses seem to be more

pronounced and more persistent than the Th1

responses (Kang et al., 1999). The ability of

cytokines and other neuro-endocrine factors abun-

dantly present in human milk, to modulate the

induction of OT provides a plausible explanation

for the protective roles of breastfeeding in the

early neonatal period. Production of IL-4 is

enhanced and IFN-c is abnormally defective in

children with in¯ammatory atopic diseases such as

asthma and allergic dermatitis, while isolated IL-4

enhancement occurs in IgE-mediated allergies

(Campbell et al., 1998).

A bene®cial soluble antigen, which normally

should elicit principally immune tolerance at the

sub-epithelial immune tissues, might fail to do so,

either through abnormal metabolism, or through

an abnormal accumulation at the sub-epithelial

space, thereby leading to the development of

undesirable immunological responses such as

allergy. An allergic reaction could also develop

against a normally formed and transported anti-

gen, if the host has de®cient immuno-suppressive

responses. This seems to be the case in a number

of atopic children who were found to have a

defective total count and sub-populations of T

lymphocytes. On the other hand, if a soluble

antigen bypasses all the stages of mucosal immune

system and is transported directly into the sys-

temic circulation, which is not adapted to inducing

e�ective immuno-suppressive reactions, it could

lead to an active immune response, which might be

potentially life-threatening. Allergic individuals

have increased propensity for forming immune

complexes of IgG and IgE after challenge with

food particles, compared with normal individuals,

who produce more IgA- and rarely IgE-complexes

(Juto, 1980; Weaver et al., 1987). This might be a

re¯ection of increased intestinal permeability of

these individuals to food antigens (Soothill, 1984).

Peculiar characteristics of neonatal

immunity

The immune system of the newborn is essentially

similar to that of the adult, but functionally

immature. They are only capable of ine�ective

immune responses, which seem to have been falsely

generally accepted as a propensity for developing

immune tolerance. The `immaturity' of their

immune system or the so called `immuno-de®ci-

ency of immaturity' is related to a number of

factors. These include the presence of a reduced

number of antigen-presenting cells relative to T

lymphocytes, the majority of T lymphocytes being

phenotypically and functionally `naive', decreased

ability of B lymphocytes to produce antibodies

against bacterial polysaccharide antigens and

reduction in serum complement activity (Ridge

et al., 1996; Schelonka & Infante, 1998).

The newborn is also characterized by a high

spontaneous suppressor T cell activity, impaired

NK cell activity, sub-optimal macrophage and

polymorphonuclear cell functions. Other peculiar

characteristics of the newborn immunity include

paucity of serum IgA and sIgA in external

secretion during the ®rst few days of life which

gradually increase to adult levels over an average

of 12 years and 5 weeks, respectively (Quie, 1990).

This period on the other hand, also corresponds

with a sudden exposure to a multiplicity of extra-

uterine environmental antigens, many of which

could elicit potentially harmful local and systemic

immune reactions. Serious life-threatening neona-

tal infections are caused by microbial species that

are infrequently associated with infections in

adults (Wolach et al., 1994). Although the number

of neutrophils in the circulation is high in the

normal neonate, their bone marrow pool is

limited. T lymphocytes are present in normal

numbers, but their responses to antigens are

somewhat slower than in adult cells. Speci®c

anti-microbial antibody production by the

newborn infant B lymphocytes is delayed, their

maturation into antibody-producing plasma cells

occurring gradually during the ®rst weeks of life

(Quie, 1990). Newborns also have an impaired

complement activity as compared with adults

and signi®cantly reduced complement components

except for C7 (Mills et al., 1979). Nonspeci®c

defence mechanisms such as gastric acid and

peptic secretions, and biliary salt concentration,

are also not fully developed during the ®rst few

weeks of life.

However, neonates have protective antibodies

against many microbes at birth provided by their
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mothers via placental transfer of IgG, but these

are insu�cient in premature infants and they

gradually disappear from the circulation as a

result of being metabolized. The immunological

response in neonates is primed towards Th2

cytokines and IgE production, which gradually

reverts back to normal adult response type with

increasing age (Cummins & Thompson, 1997;

Prescott et al., 1998). Hence infants are more

susceptible to eliciting allergic reactions to foreign

antigens in the absence of speci®c IgE suppressor,

compared with the adults. Neonates are also

capable of developing auto-antibodies against

insulin and IgE antibodies against b-lactoglobulin,
major causes of childhood diabetes and food

allergy, respectively (Vaarala et al., 1999; Kato

et al., 1999).

Mechanisms of breast-milk protection

against immunological diseases

The natural ability of the host to be free from

unwanted sensitization to essential or harmless

foreign antigens, continuously exposed to it at the

mucosal interfaces, must depend on its repertoire

of immuno-suppressive mechanisms, particularly

against IgE production. This mechanism seems to

be concentrated at the level of sub-epithelial

lymphoid tissues and the regional lymph nodes

such as the mNL (Jarrett, 1984). The mediators of

this suppressive role are predominantly a sub-set

of T lymphocytes located in these lymphoid

organs and are mediated systemically both by

migrating T lymphocytes as well as through their

soluble products. Both Th1 and Th2 mechanisms

are involved in the induction of OT (Kang et al.,

1999).

The mammary gland also represents a site of

mucosal immunity and possesses sessile activated

suppressive and stimulatory lymphocytes that

have migrated from other mucosal sites. Some

of these cells eventually ®nd their way into the

milk secretion and are transported to the suck-

ling infant. The pro®le of lymphocytes present in

the breast-milk seems to re¯ect accurately the

selective adaptation of the mucosal immune

system to di�erent antigens. The proportion of

T lymphocytes bearing markers of recent activa-

tion are signi®cantly increased in the milk,

showing a range of antigen reactivities which

di�er from those in the blood (Gibson et al.,

1991; Wirt et al., 1992). Most of the milk lym-

phocytes also consist of the cd T lymphocytes, as

well as a relatively large proportion of histamine

H2 receptor-bearing T lymphocytes. Both lym-

phocytes are known to suppress speci®c antibody

production. Breastmilk also contain a number of

soluble components known to suppress lympho-

cyte activities (Schnitzler et al., 1982; Bertotto

et al., 1991). It is interesting to note that cd T

lymphocytes have been shown to be essential

for the induction and maintenance of systemic

tolerance to oral antigens, at least in experimen-

tal animals (Mengel et al., 1995; Gieseler, 1996).

There are at least 100 nutritive and antimicro-

bial components of human milk that are either

absent or present in only insigni®cant quantities

in the cow's milk formula (Table 2a). These

include antigen-speci®c sIgA, lysozyme, immuno-

competent cells, long-chain unsaturated fatty

acids, lactoferrin and essential amino acids, such

as taurine (Table 2a).

Breastmilk also contain several soluble compo-

nents that are known to be immunomodulators

in-vitro. These include cytokines-Interleukin-1-beta

(IL-1û), Interleukin-6 (IL-6), tumour necrosis fac-

tor (TNF)-a andTGF-b; nucleotides, anti-idiotypic
antibodies, a-tocopherol, b-casomorphins and pro-

lactin. The importance of these breastmilk compo-

nents have been demonstrated mainly through

animal experiments, where certain milk hormones,

including epithelial growth factors (EGF) and

prostaglandins, have been shown to be absorbed

into the circulation and capable of modulating the

immune responses (Goldman, 1993).

Breastmilk also contain several defence factors

that protect the infant by non-in¯ammatory

mechanisms. In addition to this, it contains a

wide range of anti-in¯ammatory components,

which protect the delicate intestinal tissues against

damaging in¯ammatory reactions (Goldman,

1993).

Breastfeeding is capable of protecting the infant

against the development of common infectious

diseases, autoimmune disorders and allergic dis-

eases through a number of mechanisms. (i) First,

it o�ers protection to the infant and its immune

system against sensitization to allergens, at a

susceptible period when such a sensitization

might lead to allergy rather than tolerance, by
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eliminating such antigens from the infant's diet.

(ii) Secondly, colostrum and breast-milk simul-

taneously supply numerous products of passive

immunity at the mucosal surface, while the

infant's immunity is still maturing. (iii) Thirdly,

breastfeeding modulates the immune responses

of the infant in such a way that it encourages

immunosuppression of antibody production to

harmless antigens, particularly the suppression of

IgE isotype, and (iv) it actively primes and

stimulates the neonatal immune responses to

harmful pathogens. (v) It also enhances intestinal

mucosal maturation, (vi) possess many anti-

in¯ammatory factors and mechanisms and

(vii) provides many long-term favourable immune

priming advantages.

Passive immunity and reduced exposure

to antigens by early breastfeeding

The main role of breast-milk antibodies which

are predominantly secretory IgA (sIgA), directed

against many food and pathogenic antigens is to

bind these antigens in the intestine and prevent their

attachment to the gut epithelium. Breastfeeding

thereby protects against speci®c pathogens inclu-

ding Salmonella, Vibrio cholerae, Escherichia coli,

Shigella, polioviruses, rotavirus and respiratory

Table 2 (a) Functions of major defence factors in human milk and comparison of levels in cow's milk, (b) Humoral

and cellular protective components of the human breast milk

Anti-microbial factors Human milk

Cow's milk-

based formula Functions

(a)

sIgA 0.2 g dL)1 Absent speci®city Antigen binding

Oligosaccharides 1.2 g dL)1 0.2 g dL)1 Receptor analogues

Lysozyme 50±250 lg mL)1 ¯¯ Degrade peptidoglycans, bacteriostatic

Lactoferrin 0.2 g dL)1 Trace Iron chelation, bacteriostatic

Complement proteins Active Denatured/inactive Opsonins, viral neutralization, bacteriolysis

Active milk cells ++ Killed Immune priming/modulation

MFGM ++ Destroyed Bind bacteria, ?stimulate milk cells

b-Lactose ++ ¯¯ Favourable gut ¯ora

Epithelial growth factors ++ Absent in formulas Gut maturation

(b)

Humoral Cellular

Speci®c Immunoglobulins sIgA,

IgG, IgM, IgD and IgE

T- and B-lymphocytes

Nonspeci®c Lactoferrin Macrophages

Lysozyme Neutrophils

Lipoprotein lipase Epithelial cells

Bi®dus factor/ b-lactose

Complement proteins

Neuramin

Casein

Milk lipids

MFGM*

Glycoproteins

Free oligosaccharides

Nucleotides

Cytokines

Other immuno-modulators

Epithelial growth factors

Anti-in¯ammatory factors

Anti-oxidants

Cyto-protective factors

*Milk fat globule membrane.
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syncytial virus (Goldman, 1993). Humanmilk sIgA

is secreted by activated B lymphocytes in the

maternal PP, after undergoing a TGF-b-mediated

isotope switching from IgM+ to IgA+ cells, and

migrating into the blood circulation. They then

home into the mammary gland, (as well as into

respiratory tract and other mucosal sites) under

in¯uences of certain hormones and poorly under-

stood mechanisms.

A de®cient secretion of sIgA in the breast milk

has been associated with an increased risk of

developing atopic diseases in the nursing infants

(Savilahti et al., 1991). In rats, maternal anti egg-

albumin IgG transferred to the o�spring via milk

is capable of suppressing IgE response to the same

antigen on subsequent challenge (Jarrett & Hall,

1986).

b-Lactoglobulin, a major cause of food-related

allergies is a normal component of cow's milk, but

is usually absent in human milk. When present in

smaller quantities in certain human milk samples,

as a result of maternal ingestion of cow's milk

and producing allergic symptoms, it can easily be

controlled by the elimination of cow's milk from

the mother's diet (Sorva et al., 1994). The presen-

tation of excessive levels and multiple doses of

b-lactoglobulin in cow's milk to the formula-fed

infant might account for its propensity to suppress

the induction of tolerance, induce systemic and

local immunity in the children, compared with the

low doses present in human milk (Garg et al.,

1999). The several immunomodulating factors in

human milk would also prevent the induction of

IgE antibodies against the low concentrations of

the allergens that might be present in the mother's

milk. The observed protection of breastfeeding

against the development of type 1 diabetes in

childhood has been partly ascribed to the elimin-

ation of inductive auto-antigens in the diet during

the susceptible neonatal period (Vaarala et al.,

1999).

Other passive defence factors in human

milk include an array of oligosaccharides and

glycoconjugates acting as receptor analogues that

inhibit the binding of certain enteric and

respiratory pathogens and their toxins (Table 2b).

Milk fat globule membrane (MFGM) mucin

components and milk casein are also known to

inhibit the adherence of common neonatal

pathogens including S-®mbriated E. coli, Strepto-

coccus pneumoniae and H. in¯uenzae, as well as

defending against rotavirus infection (Aniansson

et al., 1990; Schroten et al., 1992; Goldman,

1993).

Unfavourable intestinal ¯ora in formula-fed

infants, comprising predominantly of gram-

negative organisms, could also act as adjuvants

to food antigens and enhance an abnormal sensi-

tization and allergic reaction to these antigens. On

the other hand, breast milk contains bi®d factors

which favour the colonization of the intestinal

tract by Lactobacillus rather than Enterobacteriae

and other potentially pathogenic organisms (Du�y

et al., 1994).

Active priming and stimulation by breastfeeding

Human breast milk and colostrum also contain a

number of soluble factors that stimulate local

immune responses to foreign antigens (Juto, 1985;

Mincheva-Nilsson et al., 1990). Among the

immunostimulators are speci®c IgA helper stimu-

lating factors and soluble CD23. Soluble CD23

has a double bene®cial e�ect of both inhibiting

allergic (IgE) immune responses while activating

resting lymphocytes through its ability to stimulate

monokine synthesis from activated monocytes in

the absence of antigens (Sarfati et al., 1986). The

recent discoveries of a wide range of biologically

active cytokines in human milk further suggest a

physiological role of breast milk in modulating the

immune responses of the recipient infant

(Goldman et al., 1996). Their postulated functions

include T lymphocyte activation, enhanced IgA

and secretory component (SC) production, and

isotype switching to IgA+ B-lymphocytes.

The immunomodulatory e�ect of breast milk is

not only limited to the intestinal mucosal system,

but it also in¯uences speci®c immunity in other

distant mucosal sites. Increased levels of certain

immunological factors have been reported in

breastfed infants which could not be accounted

for by passive transfer from the milk. Breastfed

infants secrete increased amounts of IgA in the

intestinal tract and other external secretions

including the urine, not accounted for by the level

of sIgA in the breast milk, thereby mounting a

protective response to mucosal infections (James-

Ellison et al., 1997). Other yet unidenti®ed com-

ponents of human milk are also capable of
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stimulating local intestinal sIgA synthesis, in

breastfed infants (Koutras & Vigorita, 1989).

Treatment of children with lysozyme, which is

abundant in breast milk was shown to increase

sIgA secretion in the intestine (Lodinova & Jouja,

1977).

Breast milk also seems to in¯uence the systemic

immunity, in such a way that it o�ers increased

protection to the breastfed infant. The appearance

of increasing serum IgA is delayed in the breastfed

infants compared with the formula fed infants.

Breastfeeding stimulates an enhanced production

of a-interferon in the circulation of infants with

RSV infection (Chiba et al., 1987). Similar incre-

ments in the levels of circulating ®bronectin

in breastfed infants, not accounted for by the

levels in the breast milk, is another pointer to the

systemic immunostimulatory functions of breast-

feeding (Friss et al., 1988). The complement sys-

tem function levels is also increased in breastfed

infants (Barriga et al., 1995).

Milk T and B lymphocytes have been able to

transfer priming to the breastfed o�spring in some

experimental models. This together with transfer

of numerous cytokines and growth factors via

milk may explain why breastfed the infant might

respond better to both infections and vaccines

(Hanson, 1998).

Immunosuppression by breastfeeding

The GALT in infancy has been shown to contain

more IgE-bearing or IgE-precursor cells compared

with the adult. Hence infants are more susceptible

to eliciting allergic reactions to foreign antigens in

the absence of speci®c IgE suppressors, compared

with the adults. Several speci®c factors have been

detected in colostrum and breast milk which are

inhibitory to immunoproliferative responses of

lymphocytes towards mitogens (Crago &

Mestecky,1983; Horne et al., 1983; Mandalapu

et al., 1995). These may be helpful to the infant by

suppressing the induction of potentially harmful

immunological reactions, while simultaneously

supplying the infant with products of passive

immunity until the infant's immune system is more

mature and able to respond to these antigens

appropriately.

Infants on breast milk usually tend to have

lower levels of total serum IgE than those fed on

cow's milk for up to 4 months of age, even

after exclusive milk feeding is ended. This

di�erence could not be accounted for by the

presence of IgE antibodies in cow's milk, as no

such antibodies could be detected (Juto, 1980;

Sasai et al., 1994). The IgE binding factor, a

known inhibitor of ongoing IgE synthesis in pre-

activated B lymphocytes is present in the human

colostrum, and probably signi®cantly contribute

to the reduced incidence of atopic diseases

among breastfed infants (Sarfati & Delespesse,

1988).

Prostaglandin E2 that is present in large quan-

tities in breast milk (up to 100-fold higher than in

the blood) is known to inhibit the production of

IgE by the peripheral blood mononuclear leuco-

cytes from atopic children in vitro.

b-Lactoglobulin that is present in cow's milk

and is responsible for many cases of childhood

food-related allergies, is capable of inducing OT

in animals (Kato et al., 1999). Its failure to induce

OT in neonates fed with cow's milk might be

related to the poor immunological environment

represented by cow's milk components, compared

with human milk. Early inadvertent exposure to

cow's milk in infants subsequently breastfed

exclusively have been shown to o�er long-term

protection to the infants, rather than predispose

them to the development of allergic diseases (Host

et al., 1988). This further proves that human milk

could serve as an immunological adjuvant, which

enhances the production of immune tolerance to

allergenic substances presented to the infant's gut,

thereby suppressing the induction of allergic

responses.

Immunomodulation by breastmilk could also

be accounted for by cellular mechanisms. Most of

the milk lymphocytes consist of the cd T

lymphocytes, as well as a relatively large propor-

tion of histamine H2 receptor-bearing T lympho-

cytes, both of which are known to suppress

speci®c antibody production (Schnitzler et al.,

1982; Gieseler, 1996). They might be capable of

being transferred into the systemic circulation of

the breastfed infant and suppress their speci®c

immunity to food and other allergens. The

activity of these cells might account for the

reduced levels of systemic IgA, IgM and IgG in

breastfed infants compared with those fed cow's

milk formula (Savilahti et al., 1991).
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It has been speculated that increased prevalence

of type 1 diabetes among formula fed infants might

be attributed to impaired mucosal immune func-

tions in infants who were not exposed to the

protective roles of early breastfeeding (Mayer et al.,

1988; Harrison & Honeyman, 1999). Breastfeeding

is known to modulate development of autoanti-

bodies against insulin in infants who are at high

genetic risks of developing type 1 diabetes, thereby

preventing progression into autoaggressive immu-

nological disease (Vaarala et al., 1995).

Intestinal maturation and anti-in¯ammatory

mechanisms

A proportion of the ingested food macromolecules

is known to be transported across the intestinal

mucosa into the circulation. This uptake gradually

diminishes with age in normal infants but might be

exaggerated in food-allergic individuals and cow's

milk fed infants. It is, however, not clear whether

this is one of the fundamental defects leading to

the development of allergic disorder or is an

outcome of the disease process (Weaver et al.,

1987). Human milk contains many growth factors

including lactoferrin, cortisol, EGF and polyam-

ines, as well as a host of other hormones, which

enhance the physiochemical maturation of the

intestinal mucosal barrier against absorption of

allergic macromolecules.

Many anti-in¯ammatory components are pre-

sent in human milk and prevent induction of

tissue destructive in¯ammatory responses in the

delicate neonatal gut and might be responsible

for the long-term protection against the devel-

opment of certain chronic in¯ammatory bowel

disorders. These factors include prostaglandins,

EGF, cortisol, lysozyme, sIgA and anti-oxidants

such as uric acid, a-tocopherol, b-carotene and

ascorbic acid. In a retrospective case±controlled

study, history of `ever breastfeeding' was found

to be associated with a reduced risk of develop-

ing Crohn's disease in childhood. This protective

e�ect might also be related to the ability of

breast milk to reduce the risk or severity of yet

unidenti®ed childhood infections, which trigger

abnormal immunological responses in the intes-

tine of the newborn (Whorwell et al., 1979;

Koletzko et al., 1989).

Long- and short-term effects of early

breastfeeding in modulating the risk

of childhood diseases

It has long been observed that avoidance of cow's

milk and other potential allergens in the ®rst

months of life reduces the incidence of allergic

diseases in later childhood, irrespective of the

family history of atopy (Saarinen et al., 1979).

This protection could even be further enhanced

by restricting maternal diet to no more than

200 dL of cow milk per day, no more than one

egg per week, and no tomato, ®sh, shell®sh, nuts

or foods allergenic to the mother (Chandra et al.,

1986; Bardare et al., 1993). Feeding of any form

of whole-protein infant formula has been shown

to induce a sensitization of the infant as early as

4 days of life, with a signi®cant increase in IgE

levels between cord and 4th day blood in soy-fed

and adapted-formula-fed babies. This increase

did not occur in neonates fed breast milk and

serum protein hydrolysate (Buonocore et al.,

1992).

Early exposure to cows' milk could increase the

risk of a wide range of allergic reactions, especially

in infants with a family history of atopy, inclu-

ding eczema, recurrent wheezing, elevated serum

IgE-antibodies to cow's milk, complement activa-

tion in vivo after milk challenge and haemagglu-

tinating antibodies to b-lactoglobulin (Chandra,

1979). Breastfeeding also o�ers long-term protec-

tion against the development of asthma and

bronchitis, both in infants from allergic and non-

allergic families (Hide & Guyer, 1981). Exclusively

breastfeeding for a minimum of 6 weeks could

lead to a signi®cant reduction in the incidence of

these allergic diseases.

Breastfeeding has also been shown to prevent

up to half the incidence of diarrhoeal illness and

dehydration among infants, also reducing the

incidence of any otitis media by 19%, and

particularly reducing prolonged episodes by up

to 80%, within the ®rst and second year of life, as

well as reducing the incidence of upper respiratory

tract infections and pneumonia (Jason et al., 1984;

Dewey et al., 1995).

There is evidence that the immunomodulatory

e�ect of breastfeeding on the infantile immune

response persist for several years, even long after

cessation of exclusive breastfeeding. The breastfed
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infants have a reduced tendency to develop clinical

allergies such as atopic eczema, food and respir-

atory allergies, both in later childhood and

adolescence, compared with the cow's or soy

milk-based formula-fed infants (Gruskay, 1982).

These ®ndings have been con®rmed in prolonged

follow-up studies conducted over up to a 17-year

period (Saarinen & Kajosaari, 1995).

The modulatory e�ect of breastfeeding is also

evident from the subsequent clinical response of

breastfed infants to maternal and sibling-donor

organ transplantation. Breastfed patients often

show dramatic improvements in graft function

rates and amore favourable post-transplant course,

as measured by the percentage of patients who had

no rejection episodes during the ®rst post-trans-

plant year, compared with their non-breastfed

counterparts (Campbell et al., 1984; Kois et al.,

1984).

The EGF and similar growth factors might

account for the increased size of the thymus in

breastfed infants (Hasselbalch et al., 1996). This

might possibly lead to a more advanced T lympho-

cyte di�erentiation and maturation, and conse-

quently reduced risk of self-induced autoimmune

diseases in the breastfed infants, such as insulin-

dependent diabetes mellitus and Crohn's disease.

Conclusion

There are many possible mechanisms by which

early breastfeeding could modulate the develop-

ment of food and other mucosal allergies in the

newborn, especially among those with high risk

factors for atopy. Despite a number of studies

reporting negative or non-conclusive e�ects, the

greater weight of evidence supports the fact that

breastfeeding protects the child against allergic

and other immunological disorders, including type

1 diabetes mellitus, lymphomas and chronic

in¯ammatory bowel disorders. With the exception

of a few cases now reported in some Western

countries, exclusive breastfeeding provides a prac-

ticable means of treating allergy-related symptoms

by strict elimination of the o�ending antigens

from the mothers diet. Other allergic children

could also be e�ectively treated with the so called

hypoallergenic (protein hydrolysate) milk formu-

las while the resistant cases would only bene®t

from amino acids-based infant formulae.
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