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Summary The intestinal tract
performs many different functions;
in addition to absorption and di-
gestion it is also the body’s largest
organ of host defence. Part of the
intestinal mucosal barrier function
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is formed by a common mucosal
immune system which provides
communication between the diffe-
rent mucosal surfaces of the body.
The intestine also contains a
microbial ecosystem with a large
body of microbes, 1-1/, kg in an
adult. The microbes and their
activity have a major impact on the
development and functioning of
the intestinal immune system and
vice versa. This mutual influence
also affects the host beyond the
intestine.

The intestinal colonisation with
a balanced microflora is of main
importance for the correct devel-
opment of the immune system. The
importance of the intestinal micro-

flora is most clearly seen in
germfree animals, but also diseases
like atopy are associated with
disturbances in the intestinal
microflora. This often manifests
itself in a low number of bifidobac-
teria. The use of probiotics or pre-
biotics to correct this imbalance
and modulate the immune activity
has received increasing scientific
documentation. The precise mech-
anisms behind these immune mod-
ulatory activities are not well
understood and require further
investigation.
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Introduction

The human intestine performs many diverse functions
of which digestion of food and absorption of nutrients
are only the beginning. The intestine is the largest im-
mune organ of the body. It produces more antibodies
than any other part of the body, 40mg/kg body
weight/day, and contains 80 % of all antibody-producing
cells [1]. The intestine is also host to an estimated 10
microbes representing some 400 to 500 different species
[2]. In the faeces and proximal part of the colon mi-
crobes are present at a density of around 10! organisms
per gram wet weight, which represents at least 30% of
the wet faecal mass. The immune system regulates the
colonisation of the intestinal microflora by interfering
with its ability to bind to the mucosa, while parts of bac-
terial cells and metabolites modulate the immune sys-

tems activity. The intestinal microflora is also an impor-
tant part of the intestinal mucosal barrier. It is therefore
not surprising that the intestinal microflora and the in-
testinal immune system influence each other and to-
gether have an influence on the host, also beyond the in-
testine.

Intestinal microflora
Diversity

The gastro-intestinal (GI) tract provides a wide range of
environments, varying in redox potential, pH, flow rate,
nutrient availability, etc. Due to these differences in en-
vironment, the composition of the microflora varies
throughout the GI tract.

The oral cavity provides many different habitats and
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is therefore colonised by a wide range of organisms.
During the first few months of life, only mucosal sur-
faces and the tongue exist as colonisation sites. Upon
eruption of teeth, hard non-shedding surfaces appear
and also gingival crevices are available for colonisation.
The oral cavity maybe colonised by 500 different bacte-
rial species [3]. Streptococci, Veillonella, Neiseria and
Actinomyces are the most common genera depending on
the habitat. Microorganisms can be present in high lev-
els in saliva, 108 cfu/ml, and in dental plaque, up to 10!
cfu/g [4].

The oesophagus of humans does not appear to have
its own normal residential microflora. The bacteria pre-
sent usually originate from the oral cavity, upper respi-
ratory tract or from swallowed food [5].

The stomach is characterised by its low pH. In healthy
adults the resting pH may be as low as 1 or 2 [3, 6],
though in new born infants it may be close to neutral.
The low pH restricts the level of colonisation, microflora
levels reach at most 10* cfu/ml gastric juice [3]. As within
the oesophagus, most of the organisms originate from
food and the oropharynx [5]. The microorganisms
found are usually aciduric species; lactobacilli, strepto-
cocci and Candida albicans. In addition, a high percen-
tage of people are colonised by Helicobacter pylori. Its
natural habitat appears to be the mucus-covered non-
acid-secreting epithelium of the antrum. Many factors
combine to induce H. pylori cells to change to become
pathogenic after many years of being a commensal [7].

Also the duodenum has a sparse microflora (10*-10°
cfu/ml), due to the low pH of the digesta released from
the stomach, the secretion of pancreatic juice and bile.
Also the swift flow of the digesta reduce the chance for
colonisation [3]. The composition of the microflora re-
sembles that of the stomach.

In the jejunum, colonisation levels of 10°-107 cfu/ml
have been observed. The normal microflora consists of
streptococci, lactobacilli, Haemophilus, Veillonella, Bac-
teroides, Corynebacterium and Actinomyces [8].

Due to the slower passage of the digesta in the ileum,
colonisation occurs, with bacterial populations of
107-10® cfu/ml [3, 8]. The composition of the microflora
resembles that of the colon with facultative anaerobic
Enterobacteriaceae and obligate anaerobes; Bacteroides,
Veillonella, Clostridium, Lactobacilli and enterococci are
also present [3].

The colon contains the highest density and diversity
of microorganisms in the body. About 10'°-10'! micro-
organisms are present per gram colonic contents. More
than 40 genera have been identified in faeces using cul-
turing techniques. From faeces 113 species have been
isolated; statistical analysis of this suggests the presence
of at least 400-500 different species in faeces [2]. This is
likely to be an under estimation of the microbial diver-
sity since not all organisms could and can be cultured.
In the lumen, anaerobes out number aerobes by a factor

of 100-1000. However, on the mucosa this is only a fac-
tor of 10, due to leakage of oxygen from tissue. The ma-
jor genera in the colon are Bacteroides, Bifidobacterium,
Clostridium, Eubacterium, Bacillus, Peptostreptococcus,
Fusobacterium and Ruminococcus [3].

Development in health

Upon birth, the intestine is sterile, but it soon becomes
colonised by micro-organisms from the environment
and the mother’s birth canal. Bacteria start to appear in
the faeces within hours after birth, and their numbers
increase progressively during the first week of life. The
first microorganisms to be isolated from the faeces of
new born infants are usually facultative anaerobic or-
ganisms; E. coli and other enterobacteria, staphylococci
and streptococci. These organisms change the initially
aerobic GI tract to an anaerobic environment which is
suitable for colonisation by obligate anaerobic organ-
isms. Once the intestine has become anaerobic bifi-
dobacteria, clostridia and Bacteroides spp. appear in the
faeces.

The method of birth has been observed to have a pro-
nounced influence on the colonisation of the infant’s in-
testine. The faecal colonisation of infants born by cae-
sarean section has been found to be delayed compared
to vaginally born infants. Also the composition of the
faecal microflora was different after caesarean section
[9, 10].

The effect of the type of feeding, breast or formula, on
the colonisation is currently much debated. The tradi-
tional view holds that breast fed infants are colonised
mainly by bifidobacteria, while formula fed infants have
a mixed microflora not particularly high in bifidobacte-
ria. However, in recent reports on the composition of the
microflora of infants, such a difference could often not
be observed. This has been attributed to an improved
composition of infant formulae, current highly hygienic
obstetric practices and improved bacteriological
methodologies [11]. Upon the introduction of solid
foods, the composition of the intestinal microflora grad-
ually becomes more complex. At two years of age, the
microflora resembles that of an adult [10].

The environment in which people live and the food
they consume have also been observed to influence the
composition of the intestinal microflora [12]. How these
differences in microflora composition may affect the
health status is not known.

Composition during disease
Disease can have a dramatic influence on the composi-

tion of the normal intestinal microflora. This is very
clear in the case of infectious diarrhoea where a change
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in the composition of the microflora, the presence of a
pathogenic microorganism, causes disease. However,
other immune system related diseases also involve
changes in the composition of the normal microflora. In
some cases this change in composition is caused by the
disease, but in other cases it may be the cause of disease.

Infants with allergy have been observed to have re-
duced faecal colonisation of Bifidobacterium and Lacto-
bacillus sp.[13], while atopics have a reduced ratio of bi-
fidobacteria to clostridia [14]. Also the composition of
the Bifidobacterium flora has been observed to be dif-
ferent between atopic and healthy infants. Atopic infants
are mainly colonised by B. adolescentis while healthy in-
fants have a typical Bifidobacterium flora with B. bi-
fidum, B. breve and B. infantis [15].

During active periods of Crohn’s disease and ulcera-
tive colitis reduced levels of obligate and facultative
anaerobes have been observed in the faeces of patients.
Especially bifidobacteria and lactobacilli were reduced
as compared to patients with inactive disease and
healthy controls [16,17]. Thus, in general it appears that
Bifidobacterium levels are reduced during disease [18].

Intestinal immune system
General

The intestinal immune system is the major immune or-
gan of the body. The principle antibody in the intestine
is immunoglobulin (Ig) A, which usually is present in a
dimeric form.IgA is well suited for its function in the in-
testine. It is relatively resistant against proteolysis, in
particular IgA2, which is important considering the en-
vironment in the intestine. In contrast to IgG, the major
systemic immunoglobulin, IgA does not elicit an in-
flammatory reaction. IgA can thus bind antigens and ex-
clude them from the intestinal mucosa without causing
inflammation [1].

The predominant site of antigen sampling in the in-
testine are the Peyer’s patches. These parts of the gut-as-
sociated lymphoid tissue (GALT) are covered with spe-
cialised membrane (M) cells. M cells specifically sample
the contents of the gut and transfer antigens to antigen
presenting cells which present the antigen to B and T-
cells. Naive T-cells can develop into T helper 1 (Th1) or
T helper 2 (Th2) cells. Th1 cells will direct the differen-
tiation of B-cells to IgA producing cells while Th2 cells
direct B-cell differentiation towards IgE producing cells.
Interestingly, M cells have a preference for the uptake of
IgA-complexed antigens thus further stimulating the
production of IgA.

The major functions of the intestinal immune system
are exclusion of antigens and to provide tolerance to
antigens, since all food components and the normal in-
testinal microflora are in principle antigens. This oral

tolerance is provided through suppression of Thl cells
by interleukin (IL)-4, IL-10 and transforming growth
factor- when exposed to low concentrations of anti-
gens. High doses cause clonal anergy; T cells are in a
state of cellular unresponsiveness which makes them in-
capable of secreting IL-2 or of proliferating [19].

Maturation

At birth, the intestinal immune system is immature with
very few IgA producing B cells present in peripheral
blood of new borns. Consequently, the presence of IgA is
low and the major initial antibody type is IgM. After 1-2
months, IgA becomes the dominant antibody in the in-
testine and reaches adult levels at the end of the first year
of life. However, under heavily exposed conditions these
levels can be reached within a few weeks, indicating the
importance of microbial exposure. The number of
Peyer’s patches is initially low and increases upon ma-
turation of the immune system [20]. Also other environ-
mental factors, like pollution, have been suggested to
affect the development of the immune system [21].

Microbes and the intestinal immune system
The normal microflora

The most dramatic example of the importance of the in-
testinal microflora for the development of the immune
system comes from studies with germfree animals. In
the absence of microbes,a mammal has a reduced num-
ber of Peyer’s patches and less then one tenth of the
number of IgA producing B cells compared to a conven-
tional animal [20]. Upon exposure to a normal mi-
croflora, ex-germfree animals develop a immune system
very much like conventional animals. This indicates the
importance of the intestinal microflora for the develop-
ment of the immune system.

As mentioned earlier, infants are also born germfree.
The acquisition of the normal microflora therefore plays
an important role in the development of the immune
system and the presence of an unbalanced microflora is
associated with disease.

Hygiene

Over the past few decades, an increase in the prevalence
of allergy has been observed in industrialised countries
[22]. It has been hypothesised that this increase relates
to a reduced exposure to microbial antigens as a conse-
quence of increased hygiene and vaccination. This
causes a reduced stimulation of the intestinal immune
system with bacterial antigens. Bacterial antigens stim-
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ulate the production of Thl cytokines IL-6,1L-12,IL-18
and interferon (IFN)-vy, directing the immune system
away from a Th2-mediated immune response (Fig. 1).

It is obvious that for public health safety reasons it is
undesirable to reduce the level of hygiene or abandon
vaccination. Avoiding all possible allergens is not feasi-
ble; thus other approaches need to be considered.

Probiotics

The options for increasing the microbial exposure with-
out increasing the health risk are the use of prebiotics
and/or probiotics.

Probiotics have been defined in many different ways.
One of the current definitions is microbial cell prepara-
tions or components of microbial cells that have a bene-
ficial effect on the health and well being of the host [23].
Examples of probiotics are Lactobacillus rhamnosus GG,
L. casei Shirota, L. johnsonii Lal and Bifidobacterium
lactis Bb12. Many health effects have been reported for
probiotics and some, like immune modulation are well
established [24]. Several mechanisms of how probiotics
can modulate the immune system have been proposed.

By modulating the composition and/or activity of the
intestinal microflora the exposure to dietary antigens
can be changed. Selected lactobacilli and bifidobacteria
have been shown to be able to enhance the production
of IgA [25, 26]. Reduction in the production of IgE has
also been observed in mice [27].

Different parts of the probiotic cell have been ob-
served to be able to modulate the immune system. Cell
wall material, peptidoglycan [28] and teichoic acids [29]
but also cytoplasmic contents [30, 31] have been sug-
gested to elicitimmune reactions. The latter could relate
to specific bacterial DNA sequences that have been ob-
served to affect the immune system [32]. However, the
precise mechanisms behind the immune modulation by
probiotics is still largely unknown, although adhesion to
the intestinal mucosa is thought to be of importance
[29]. Close contact of the probiotics with the intestinal
mucosa and possibly some benign translocation may
lead to an enhanced interaction of the probiotics and the
intestinal immune system. This interaction will stimu-
late naive T cells to differentiate to Th1 cells under the
influence of IFN-y, IL-2 and IL-12, while the develop-
ment of Th2 cells is down regulated under the influence
of IL-4. The result of this shift in T-cell differentiation
from Th2 to Thl is a reduced production of IgE and an
increased secretion of IgA [33], which leads to a reduced
allergic response (Fig. 1).

Probiotic

Intestinal
microflora

M cell

AP cell

IgA IgE

Fig.1 Probiotics and prebiotics can directly or indirectly influence the intestinal
immune system, through active uptake by M cells and transfer to antigen present-
ing cells. This may shift the Th1/Th2 balance in favour of the former, leading to an
increase in IgA producing B-cells and a concomitant reduction in IgE producing
cells. This, in turn, leads to a reduced allergic response

Prebiotics

Prebiotics are nondigestible food ingredients that bene-
ficially affect the host by selectively stimulating the
growth and/or activity of one or a limited number of bac-
teria in the colon and thus improve host health [34]. Ex-
amples of prebiotics are fructo-oligosaccharides,
galacto-oligosaccharides and lactulose. In most cases
prebiotics will stimulate the growth and activity of bi-
fidobacteria and lactobacilli. This is a desirable effect
since some diseases, as described previously, are asso-
ciated with reduced numbers of bifidobacteria. The
health effects of prebiotics are less well established than
those for probiotics and their effect on the immune sys-
tem is still unknown [35]. However, because prebiotics
influence the composition and activity of the normal
microflora and the microflora is known to have a ma-
jor effect on the immune system, it can be anticipated
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that also prebiotics indirectly modulate the immune
system.

Developments for the future

The use of probiotics and prebiotics to modulate the
composition and/or activity of the intestinal microflora
is likely to be more widely applied. Prebiotics have along
history of safe use and only mild side effects as diar-
rhoea and flatulence are associated with overdosing. It is
well established that many selected prebiotics have the
ability to influence the intestinal microflora [36]. Be-
cause of this, it could be expected that prebiotics would
also indirectly affect the immune system. Unfortunately
this has, until now, received little attention [35].

Selected probiotics have been shown to function as
adjuvants for oral immunisation [37], the properties of
prebiotics in this respect are not known and deserve fur-
ther investigation.

Probiotic lactic acid bacteria have no known side ef-
fects and their safety record is excellent [38]. This makes
them good candidates for influencing the immune sys-
tem in adults, children and infants. Alternative applica-
tions of probiotics should be considered in the future.
The use of non-viable probiotics would have great ad-
vantages in terms of storage, handling and shelf life.
Non-viable probiotics have been observed to produce
certain health effects, among others immunological ef-
fects [39]. Also the use of parts of probiotic cells should
be considered; both cytoplasmic and cell wall fractions

have been shown to modulate the immune system in
vitro. In relation to this, the feeding of relatively large
amounts of probiotic bacteria also implicates the feed-
ing of large amounts of nucleic acids, since bacteria can
consist of up to 50 % nucleic acids by dry weight. Nu-
cleotide fortified infant formula has been shown to re-
sult in higher specific antibody titres compared to un-
fortified formula [40]. Even the trace element content of
probiotic bacteria could provide a positive influence on
the host’s immune system [41]. These and other aspects
of probiotics deserve further investigation in order to
understand the mechanisms behind the immune modu-
latory effects of probiotics.

Conclusion

It has been observed that the intestinal microflora has a
major influence on the development and functioning of
the immune system. Modulation of the intestinal mi-
croflora with probiotics or prebiotics may provide a
means for improving the immune status in infants,
adults and elderly. Selected probiotics have been shown
to modulate the immune response. For prebiotics this
has not been sufficiently investigated. However, it could
be anticipated that some immune effects may be ob-
served and should therefore be investigated in more de-
tail. Both approaches, pre- and probiotic administra-
tion, could provide safe means of improving the
immunological development and functioning.
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