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can still suppress T cell proliferation even after heat-
inactivation of their enzymatic activity (Pessi et al.,
1999).

Although most probiotic strains seem to inhibit T cell
proliferation, some strains also contribute to T cell
function, as noted in infection models in rodents. It has
been suggested that oral administration of live L. casei
Shirota in mice can dramatically increase cell-mediated
immune response, with an enhanced delayed
hypersensitivity reaction to a second exposure to the
pathogenic bacterium Listeria monocytogenes (de
Waard et al., 2003). Moreover, administration of L. casei
Shirota for a prolonged period (8 weeks) prior to a first
infection with L. monocytogenes strengthens the
secondary response by improving the immunologic
memory that confers protection. Further studies are
needed to more precisely determine the effects of
probiotics on T cell generation of the immune memory.

Stimulation of both Th1 and Th2 response

Although these studies demonstrate the role of
probiotics in determining Th1/Th2 balance, some
probiotics appear to influence both subsets. For
example, it was found that administering L. casei, L.
delbrueckii subsp. bulgaricus and L. acidophilus to mice
increased systemic production of IgG1, typical of a Th1
response, and that L. acidophilus also enhanced the
production of IgG2a, typical of a Th2 response (Perdigon
et al., 2002). In addition, when L. rhamnosus HNOOI,
normally considered a good inducer of IFN-γ production,
was administered orally to mice during allergen
sensitization (to generate a skewed Th2 response), IL-4
and IL-5 production was enhanced (Cross et al., 2002).

Combined with the finding that L. rhamnosus HNOOI
increased IL-12 and IL-18 secretion by the macrophages
in vitro (Cross et al., 2002), it was concluded that L.
rhamnosus HNOOI exercises an immunostimulatory
effect on the immune system independent of the pro-
Th1/anti-Th2 response usually associated with
organisms that promote IFN-γ production. A recent study
also demonstrated that many lactobacilli and
bifidobacteria strains induced IL-10 production by
PBMC, and that the monocytes were largely responsible
for cytokine production in response to incubation with
probiotic organisms. However, this increase in IL-10
synthesis suppressed the production of both Th1 and
Th2 cytokines, indicating that probiotics may exert
immunomodulatory action on both Th1 and Th2 subsets
at the same time (Niers et al., 2005).

In an allergy model, it was shown that L. casei
Shirota also decreased Th1 response (Matsuzaki et al.,
1998). This contradicts the results obtained from an
autoimmunity model where L. casei Shirota appeared to
skew the Th1/Th2 balance to Th2 (Matsuzaki et al.,
1997). The contradictory results obtained for the
immunomodulatory properties of probiotics can be
explained by the use of animal and human test models.

Table 4 summarizes the results of various studies
investigating the effects of probiotic strains on Th1/Th2
balance. It is noteworthy that the strains vary widely in
their capacity to influence CD4+ T helper cell
differentiation to the Th1 or Th2 subsets, and that many

other pro- and anti-inflammatory immunomodulators act
independently of this classification paradigm.

In summary, many studies have shown that each
probiotic appears to influence the immune system in a
particular fashion. In other words, immunomodulation
properties are bacteria-specific. A future objective would
be to determine exactly which components in each
probiotic strain account for the differences across
species in their ability to modulate the immune system.
Comparative genomic analyses of the different strains
could provide useful information for determining the
strain-specific factors that would explain these
differences. Moreover, it must be emphasized that the
studies outlined in this section have examined cytokine
production in response to probiotic organisms under
different physiological conditions. Thus, results obtained
when stimulating PBMCs with probiotics would most
probably differ from those obtained when measuring
local cytokine production in the intestine following oral
consumption of probiotics. Consumption of probiotics
results in the microbial agents interacting initially with
immune cells at an intestinal induction site rather than
cells found in the blood.

Table 4. Analysis of findings on the capacity of probiotic strain to
alter Th1/Th2 balance

Reference Organism Effect

(Pochard et al.,
2002)

L. plantarum ↑ Th1

(Pochard et al.,
2002)

L. lactis ↑ Th1

(Pochard et al.,
2002)

L. casei ↑ Th1

(Pochard et al.,
2002)

L. rhamnosus GG ↑ Th1

(Shida et al.,
2002)

L. casei Shirota ↑ Th1

(Shida et al.,
2002)

L. johnsonii NIL

(Pohjavuori et al.,
2004)

L. rhamnosus GG ↑ Th1

(Sutas et al.,
1996a)

L. rhamnosus GG ↑ Th1

(Sheil et al., 2004) L. salivarius ↓ Th1

(McCarthy et al.,
2003)

B. infantis ↓ Th1

(Pena et al., 2005) L. reuteri ↓ Th1

(Sturm et al.,
2005)

E. coli Nissle 1917 ↓ Th1

(Kato et al., 1998) L. casei Shirota ↓ Th1

(Perdigon et al.,
2002)

L. casei ↑ Th1

(Perdigon et al.,
2002)

L. delbrueckii subsp.
bulgaricus

↑ Th1

(Perdigon et al.,
2002)

L. acidophilus ↑ Th1,
↑ Th2

(Cross et al.,
2002)

L. rhamnosus HNOOI ↑ Th1,
↑ Th2

7. In vitro analysis of cytokines production
induced by probiotics

In vitro studies refer to studies in which isolated cells
are exposed directly, in culture, to probiotics cells. In
vitro systems frequently are highly unphysiocolgical in
nature when they use cells in isolation from other
components with which they would normally interact. It is
why models that mimic the mucosa should be preferred
to blood cell models whenever possible when evaluating
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probiotic immune function. Even if evaluation of the
stimulation of blood cell immune response by probiotics
is practical to implement, it does not represent the
physiological reality, and an examination of intestinal cell
immune response would be the best option. For each
new probiotic strain, profiles of the cytokines secreted by
lymphocytes, enterocytes and/or DCs that come into
contact with the strain should be established. This would
allow certification of the pro- and anti-inflammatory
properties of the strain in question and would define
specific clinical uses. Probiotic products purporting to be
immune boosters should be supported by accurate data
substantiating the claim of each strain proposed.

Extrapolations from in vitro studies to the whole body
context should only be made cautiously and probiotic
effects observed in vitro should be backed up by
properly conducted clinical studies (i.e., randomized
double blind). More detailed studies are needed to
determine the precise action modes of probiotics on both
mucosal and systemic immunity. The use of transgenic
or knockout mice and other animal models would allow a
better understanding of these mechanisms. Further
research funding would encourage specialized
laboratories to enter the field of probiotics.

8. Clinical trials in humans

The impact of probiotics on the Th1/Th2 balance has
led to many clinical trials to evaluate the effects of
probiotics in the treatment of several chronic
inflammatory diseases and allergies.

Atopic diseases

The rise in prevalence of atopic diseases in industrial
societies cannot be explained by genetic factors of by
novel emerging allergens only. This phenomenon could
be related to reduce exposure to microbes at an early
age. Indeed, the gut microbiota initial development is
considered a key determinant in the development of
normal gut barrier function and healthy host. The healthy
gastrointestinal microbiota promotes the Th1 balance
and is possibly associated with two structural
components of bacter ia (PAMPs) : LPS
(lipopolysaccharide) and CpG motif (a 6 base DNA motif
consisting of an unmethylated dinucleotide). LPS portion
of Gram-negative bacteria (endotoxin) binds to TLR4 on
the cell surface, whereas, the CpG motif must be taken
up into the cell by endocytosis. Non pathogenic
microbes have a direct anti-inflammatory effect via the
inhibition of NFκβ transcription factor (Sudo et al., 1997).

In a double-blind clinical trial testing the effect of
probiotics for the prevention of atopic diseases, L .
rhamnosus GG was administered to pregnant women
whose unborn children were at high risk for being atopic
(genetically), lactating mothers and children under six
months old. Results showed that atopic eczema
prevalence in children was reduced to up to four years of
age (Kalliomaki et al., 2001; Kalliomaki et al., 2003).

The consumption of probiotics also alleviated clinical
symptoms in children suffering from atopic dermatitis
(Isolauri et al., 2000; Rosenfeldt et al., 2003), and some
data point to a beneficial effect in children who are
allergic to cow’s milk (Majamaa and Isolauri, 1997).

However, no improvement in symptoms was noted
following consumption of Lactobacillus GG in adults
allergic to birch pollen (Helin et al., 2002). Another study
(Taylor et al., 2007) tested supplementation with L.
acidophilus in high-risk infants for atopic dermatitis (born
from atopic women). A total of 178 infants were treated
with placebo or L. acidophilus from birth to 6 months.
This study showed that L. acidophilus did not reduce the
risk of atopic dermatitis and was even associated with
increased allergen sensitization. Kukkonen et al. (2007)
examined the effects of probiotics and prebiotics
combination on allergy prevention in a larger population
of allergy-prone infants than previously. They
randomized 1223 pregnant women to receive either
placebo or daily probiotic supplements containing four
probiotic strains – L. rhamnosus GG; L. rhamnosus
LC705; B. breve Bb99; and Prop ion ibac ter ium
freudenreichii ssp. shermanii JS for the two to four
weeks prior to delivery. The newborns were then
supplemented with either the same probiotics in
combination with galacto-oligosaccharides (461 babies)
or placebo (464 babies) for six months. At 2 years, they
evaluated the cumulative incidence of allergic diseases
(food allergy, eczema, asthma, and allergic rhinitis) and
IgE sensitization. While no significant difference between
the supplemented and placebo groups were observed
for allergic disease overall, Kukkonen et al. (2007)
reported that supplementation with the probiotic,
prebiotic mixture was associated with a 26 per cent
reduction in eczema, while atopic eczema was reduced
by 34 per cent. The results suggest an inverse
association between atopic diseases and colonization of
the gut by probiotics (Kukkonen et al., 2007).

These studies suggest that probiotics can be useful
in the treatment and prevention of allergies when
administered in infancy, but less useful for adults. Thus,
no protective effect was observed for other atopic
symptoms in adults such as food allergies or asthma.
Further clinical studies would be needed to determine
the efficacy of probiotics in the prevention of atopic
diseases.

Chronic inflammatory bowel diseases

Inflammation is frequently accompanied by
imbalance in the intestinal microbiota. Healthy
individuals are tolerant to their own microbiota while this
tolerance is abrogated in patients with inflammatory
bowel disease (Duchmann et al., 1995). An increasing
number of clinical and experimental studies demonstrate
the importance of the resident microbiota within the
intestinal lumen in driving the inflammatory responses in
Crohn’s disease and ulcerative colitis. For example,
transgenic mice with deletion of the TCR spontaneously
develop colitis in response to the gut microbiota. If
organised GALT is removed from the mice by
appendectomy at neonatal age, tolerance to gut
microbiota without colitis develops, indicating that the
initial colonization pattern determines subsequent
immunological processes. With respect to probiotic
treatments for chronic inflammatory bowel diseases,
results so far have been disappointing. In the rare cases
where a clinical effect was observed, the beneficial effect
of the probiotic consumption was not necessarily an
improvement over the use of previously prescribed
drugs.
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Crohn’s disease

Reduction in disease activity has been achieved in
paediatric patients with Crohn’s disease by probiotic
intervention (Gupta et al., 2000). In adults operated for
the condition, however, a probiotic preparation failed to
reduce the risk of endoscopic recurrence during one-
year follow-up. L. rhamnosus GG seemed unable to
prevent the recurrence or lessen the severity of lesions
following colon resection in Crohn’s patients (Prantera et
al., 2002; Schultz et al., 2004). On the other hand, the
yeast Saccharomyces boulardii, when administered in
combination with mesalamine, reduced the number of
relapses in patients suffering from Crohn’s disease
(Guslandi et al., 2000).

Ulcerative colitis

Fermented milk containing bifidobacteria, when
combined with sulfasalazine or 5ASA, appears to be
somewhat beneficial for patients suffering from mildly to
moderately severe ulcerative colitis. This effect has been
associated with the increased production of short chain
fatty acids in the feces (Kato et al., 2004). A recent,
encouraging study suggested that the probiotic
preparation VSL #3 contributes to remission in patients
suffering from ulcerative colitis, but only in patients with
mild to moderate symptoms who did not respond to
conventional treatment (Bibiloni et al., 2005). Meanwhile,
the best evidence that probiotics are useful in the
treatment of inflammatory bowel diseases arises from
studies that have demonstrated a beneficial clinical
outcome for VSL #3 in the prevention of pouchitis
following antibiotic-induced remission (Gionchetti et al.,
2003; Gionchetti et al., 2000; Mimura et al., 2004).
Moreover, L. rhamnosus GG by itself also appeared to
reduce episodes of pouchitis from about 30% to 7% over
a three-year period by delaying onset of the first clinical
episode (Gosselink et al., 2004). E. coli Nissle 1917
appeared to have a clinical impact similar to that
obtained by the drug mesalazine (Kruis et al., 2004;
Kruis et al., 1997; Rembacken et al., 1999).

In summary, although a particularly significant clinical
effect of the use of probiotics remains to be clearly
established, with the exception of the treatment of
pouchitis, bacteriotherapy and the use of probiotics
remains a major research focus in the treatment of
intestinal disorders aiming to re-establish homeostasis of
the intestinal microbiota (Borody et al., 2004).

Conclusion

The intestinal microbiota acts as primary agent in the
development of the postnatal immune system such as
oral tolerance and immunity. The interaction of probiotics
and enterocytes is key to the initiation of
immunomodulation.

Probiotics act on a wide variety of cells in the
intestine to modulate the immune system towards a pro-
or anti-inflammatory action, depending on strain, setting
and immunological parameters measured, and the type
of cells being acted upon.

Models that mimic the mucosa should be preferred
whenever possible when evaluating probiotic immune
function. Albeit more practical to implement, evaluation
of the stimulation of blood cell immune response by
probiotics does not represent the physiological reality,
and an examination of intestinal cell immune response
would be the better option. For each new probiotic strain,
profiles of the cytokines secreted by lymphocytes,
enterocytes and/or DCs that come into contact with the
strain should be established. This would allow
certification of the pro- and anti-inflammatory properties
of the strain in question and would define specific clinical
uses. Probiotic products purporting to be immune
boosters should be supported by accurate data
substantiating the claim of each strain proposed.
Probiotic effects observed in vitro should be backed up
by properly conducted clinical studies (such as
randomized double blind trials).

However, these observations do not explain how
these organisms might induce these effects, nor do they
explain which bacterial molecules or cellular receptors
are responsible for them. More detailed studies are
needed to determine the precise action modes of
probiotics on both mucosal and systemic immunity. The
use of transgenic or knockout mice and other animal
models would allow a better understanding of these
mechanisms. Further research funding would encourage
specialized laboratories to enter the field of probiotics.
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