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Introduction

Summary

Modulation of host immunity is one of the proposed benefits of the consump-
tion of probiotics. Nonetheless, comparative studies on the immunological
properties that support the selection of strains of the same species for specific
health benefits are limited. In this study, the ability of different strains of
Bifidobacterium longum to induce cytokine production by peripheral blood
mononuclear cells (PBMCs) has been evaluated. Live cells of all B. longum
strains greatly stimulated regulatory cytokine interleukin (IL)-10 and proin-
flammatory cytokine tumour necrosis factor (TNF)-o production. Strains of
the same species also induced specific cytokine patterns, suggesting that they
could drive immune responses in different directions. The probiotic strain
B. longum W11 stimulated strongly the production of T helper 1 (Th1) cytok-
ines while B. longum NCIMB 8809 and BIF53 induced low levels of Thl
cytokines and high levels of IL-10. The effects of cell-surface components
obtained by sonication of B.longum strains overall confirm the effects
detected by stimulation of PBMCs with live cells, indicating that these
components are important determinants of the immunomodulatory activity
of B. longum. Genomic DNA of some strains stimulated the production of the
Th1 and pro-inflammatory cytokines, interferon (IFN)-y and TNF-q, but not
that of IL-10. None of the cell-free culture supernatants of the studied strains
was able to induce TNF-o. production, suggesting that the proinflammatory
component of these strains is associated mainly with structural cell molecules.
The results suggest that despite sharing certain features, some strains can
perform a better functional role than others and their careful selection for
therapeutic use is desirable.
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the biological effects of the potential probiotic strains by
clinical trials [2]. Nevertheless, consensus on the methodol-

Probiotics are defined as live microorganisms that when
ingested in appropriate numbers exert a beneficial effect on
the host health, including the prevention and treatment of
some pathologies [1]. It is generally accepted that a strain
must satisfy a number of requirements to qualify as probi-
otic, such as the ability to survive the gastrointestinal transit,
adhere to mucus and exhibit anti-microbial and immuno-
stimulatory properties [2,3]. The Food and Agriculture
Organization/World Health Organization (FAO/WHO)
have generated guidelines for evaluation and selection of
probiotics. These include in vitro assessment of the above-
mentioned desirable traits as well as in vivo demonstration of
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ogy and criteria that should be applied for that purpose has
not been reached [4]. The determination of appropriate
methodology entails certain difficulties, including variability
among strains, the lack of solid correlations between in vitro
and in vivo test results and limited knowledge on their
mechanisms of action [5]. According to the new European
Union (EU) regulations on health claims of functional
foods, probiotic-containing products should address specific
benefits rather than general ones [6]. While this requirement
implies a rational selection of strains for specific uses, thus
far probiotic products for multiple applications seem to be
common on the market [7].
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It is recognized that each strain has unique and different
properties and that the probiotic effects of a specific strain
must not be extrapolated to other strains [4,8]. In vitro
evaluation tests indicated that properties such as tolerance to
gastric pH and bile, resistance to antibiotics, production
of anti-microbial compounds and adhesion ability vary
depending on the considered strain [9,10]. Strains of differ-
ent species have usually been evaluated in a comparative
manner, but those belonging to the same species have rarely
been compared [11]. Modulation of host immunity is one of
the most commonly proposed benefits of the consumption
of probiotics. Lactobacillus and Bifidobacterium strains used
as probiotics have been acknowledged for their role in pre-
venting and treating acute gastrointestinal infections, allergy
and atopic diseases and inflammatory bowel diseases
[12-14]. The beneficial effects of these strains are based
partly on their ability to regulate differentially the pro-
duction of anti- and proinflammatory cytokines and the
T helper 1 (Th1)/Th2 balance. Nevertheless, comparative
studies on the immunological traits of strains of the same
species that support a rational selection of probiotic strains
for specific immunomodulatory benefits are limited [15,16].
Moreover, adverse effects of the indiscriminate use of probi-
otics in early life and in patients at risk remain a possibility
[5,17]. The immune effects of probiotics can be exerted
directly by live microbial cells, as the probiotic definition
requires, but also by structural cell components (peptidogly-
can, lipoteichoic acids and DNA) and secreted compounds
[18-21]. This has led to questioning the requirement of
viability in probiotic strains, although the effects of live cells
tend to be greater than those of dead cells [22].

The aim of this study was to compare the immunological
properties of strains of the same species, Bifidobacterium
longum, including commercialized probiotics, human com-
mensals and reference strains in order to progress on the
criteria used for their evaluation and selection for clinical
applications. The effects of structural cell components and
secreted molecules of these strains were also evaluated to
determine their relative contributions to the overall immune
potential of each strain.

Materials and methods

Bacterial strains and culture conditions

The strains of the species B. longum used in the present study
and their suppliers (in brackets) were the following:
B. longum BB536 (Morinaga Milk Industry Co, Zama, Japan;
provided by Comercial Quimica Massé SA, Barcelona,
Spain); B. longum NCC 2705 (Nestlé SA, Lausanne, Switzer-
land); B. longum W 11 (Zirfos, Bologna, Italy); B. longum
NCIMB 8809; B. longum American Type Culture collection
(ATCC) 15707 and B. longum BIR 324 and BIF 53 (previ-
ously isolated from faeces) [23]. Briefly, strain isolation was
carried out in MRSC agar containing 80 pg/ml mupirocin.
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Presumptive bifidobacteria were identified by genus-specific
polymerase chain reaction (PCR) [24] and partial 16S rDNA
sequencing with Y1 and Y2 primers, as described previously
[25]. Strains were grown routinely in de Man, Rogosa and
Sharpe (MRS) broth (Scharlau Chemie SA, Barcelona,
Spain) supplemented with 0-05% (w/v) cysteine (Sigma, St
Louis, MO, USA) (MRS-C) and incubated at 37°C under
anaerobic conditions (AnaeroGen; Oxoid, Basingstoke, UK)
for 22 h. Cells were harvested by centrifugation (6000 g for
15 min) during stationary growth phase, washed two times
in phosphate-buffered saline (PBS, 130 mM sodium chlo-
ride, 10 mM sodium phosphate, pH 7-4), and resuspended
in PBS containing 20% glycerol. Aliquots of these suspen-
sions were frozen in liquid nitrogen and stored at —80°C until
used. The number of live cells after freezing and thawing was
determined by colony-forming unit (CFU) counting on
MRS-C agar after 48 h incubation. For all strains tested,
more than 90% cells were alive upon thawing and no signifi-
cant differences were found during storage time (4 months).
One fresh aliquot was thawed for every new experiment to
avoid variability in the cultures between experiments. These
samples constituted the live-cell suspensions. The obtained
culture supernatants were filter-sterilized (0-22-wm pore size
filter, Millipore, Bedford, MA, USA) to eliminate the possible
presence of viable cells and their pHs were adjusted to 7-2
with 1 N NaOH. Aliquots of cell-free culture supernatants
were kept at —80°C until used.

Extraction of cell-surface components

In order to prepare samples containing cell-surface compo-
nents the cell suspensions, obtained as described above and
adjusted to 1 x 10° CFU/ml, were submitted to five sonica-
tion cycles for 15 min each, with 2-min intervals on ice in a
Braun-sonic sonicator 1510 (Braun Biotech Inc., Allentown,
PA, USA) at 100 W output. After this treatment the absence
of viability losses was confirmed by plate counting as
described above. Cells were separated by centrifugation
(10000 g, 10 min) and the supernatants were stored at
—80°C until used. The protein concentration of surface
protein fractions was determined by Lowry’s method using a
total protein kit (Sigma-Aldrich, St Louis, MO, USA) accord-
ing to the manufacturer’s procedure. These fractions were
used at a final concentration of 100 ug protein/ml for
peripheral blood mononuclear cells (PBMCs) stimulation
assays.

Preparation of genomic DNA

Isolation of genomic DNA from B. longum strains was per-
formed using the QIAamp DNA stool kit (Qiagen, Barce-
lona, Spain) according to the manufacturer’s procedure.
Concentration and purity of all DNA preparations were
confirmed on 1% agarose gels using standards of DNA con-
centration (Lambda DNA; Invitrogen, Barcelona, Spain).
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Isolation and stimulation of PBMCs

PBMCs were isolated from heparinized peripheral blood
of four healthy volunteers (median age 30 years, range
24-40 years) after written consent was obtained. The study
protocol was approved by the CSIC Committee on Ethical
Practice. Briefly, PBMCs were isolated by centrifugation over
a Ficoll density gradient (Amersham Biosciences, Piscataway,
NJ, USA), washed with RPMI-1640 (Cambrex, New York,
USA), and adjusted to 1 x 10° cells/ml in RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS) (Gisco, Barce-
lona, Spain), 2 mM L-glutamine, 100 pug/ml streptomycin
and 100 U/ml penicillin (Sigma).

PBMC:s were incubated in 24-well flat-bottomed polysty-
rene microtitre plates (Corning, Madrid, Spain) in the pres-
ence or absence of different stimulants at 37°C under 5%
CO; for 24 h. Final concentrations of either 1 x 10° CFU/ml
live-cell suspensions, 150 ul cell-free culture supernatants,
100 ug cell-surface components or 2 pg/ml genomic DNAs
from each B. longum strain were used as stimulants. Purified
lipopolysaccharide (LPS) from Escherichia coli O111:B4
(Sigma) was used to stimulate PBMCs at a concentration of
1 ug/ml as a positive control. Non-stimulated PBMCs were
also evaluated as controls of basal cytokine production. All
reagents were tested by the E-toxate test for LPS (Sigma) and
shown to be below the limit of detection (2 pg/ml). Every
fraction used as stimulant was assayed in duplicate, and each
experiment was performed with PBMCs from four donors.
Cell culture supernatants were collected by centrifugation,
fractionated in aliquots and stored at —20°C until cytokines
were analysed.

Cytokine assays

Cytokine concentrations of supernatants were measured by
human Th1/Th2 enzyme-linked immunosorbent assay
(ELISA) Ready SET Go! Kit (BD Bioscience, San Diego, CA,
USA), including interleukin (IL)-2 and interferon (IFN)-yas
Thl-type and IL-4 and IL-10 as Th2-type cytokines. The
proinflammatory cytokine TNF-o was also measured using
the ELISA kit from e-Bioscience (BD Biosciences). The
detection procedures were performed according to the
manufacturer’s instructions. The sensitivity of assays for
each cytokine was as follows: 4 pg/ml for IL-2, IFN-y and
tumour necrosis factor (TNF)-a, and 2 pg/ml for IL-4 and
IL-10.

Statistical analyses

The differences between means of produced cytokines in
response to different bacterial stimuli were determined by
applying the least significant difference (LSD) test using the
StatGraphics software (Manugistics, Rockville, MD, USA).
Differences were considered to be statistically significant at
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P < 0-05. Data are expressed as mean and standard deviation
(s.d.) of duplicates measures determined in four indepen-
dent experiments.

Results

Effects of live bacteria on cytokine production

The results of the effects of live bacteria of different
B. longum strains on cytokine production by PBMCs are
shown in Fig. 1. Strain-dependent effects were detected in
the stimulation of production of all tested cytokines except
for the Th2 cytokine IL-4, which was not induced by any of
the assayed strains. Live cell suspensions of all strains
induced the production of significantly higher amounts
(P <0-01) of the regulatory cytokine IL-10 than the non-
stimulated PBMCs. The stimulation of PBMCs by the strains
B. longum BIR 324 and W11 induced the production of
IL-10 levels similar to those obtained by LPS stimulation.
The strains B. longum ATCC 15707 and NCC 2705 showed a
significantly higher (P < 0-01) ability to induce the produc-
tion of IL-10 than the remaining strains, followed by
B. longum BIF53, NCIMB 8809 and BB536 (P <0-05). In
contrast, B. longum W11 was the only strain that induced the
production of significantly higher levels (P < 0-05) of both
Th1-type cytokines, IL-2 and IFN-y, compared to the non-
stimulated and LPS-stimulated cells. In addition, B. longum
BB536 and NCC 2705 induced the production of higher
amounts (P < 0-05) of IFN-y, and B. longum BIR324 and
ATCC 15707 induced the production of higher amounts
(P<0:05) of IL-2 than the non-stimulated and LPS-
stimulated cells. All strains induced the production of sig-
nificantly higher amounts (P <0-01) of TNF-o than the
non-stimulated and LPS-stimulated cells. The production of
this cytokine was particularly high upon stimulation with
B. longum BIF53, ATCC 15707, NCC 2705 and, secondly,
with B. longum NCIMB 8809 and BB536. In general, live cells
of all B.longum strains were potent stimulants of IL-10
and TNF-o. production, suggesting a role in immune-
regulation and promotion of innate defences. Specific strains
also induced specific cytokine responses at the assayed
concentrations. Thus, the probiotic B. longum W11 stimu-
lated strongly the production of Thl cytokines (IL-2 and
IFN-y), while showing the lowest ability to induce the regu-
latory and Th2 cytokine IL-10. B. longum BB536 induced a
similar cytokine profile regarding IFN-y and IL-10
production. In contrast, B. longum NCIMB 8809 and BIF53
were among the strains inducing the production of the
lowest levels of the Thl cytokines (IL-2 and IFN-y), while
inducing higher IL-10 production. B. longum ATCC 15707
induced a similar cytokine profile regarding IFN-y and
IL-10. Therefore, different strains of the same species are
potentially able to drive immune responses into opposite
directions in vitro, suggesting different immune potentials in
clinical practice in vivo.
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Fig. 1. Cytokine production by peripheral blood mononuclear cells
(PBMCs) stimulated with live bacteria of different Bifidobacterium
longum strains. Purified lipopolysaccharide (1 pg/ml) from

Eschericia coli was used as a positive control. Non-stimulated PBMCs
were also evaluated as controls of basal cytokine levels. Results are
expressed as mean =* s.d. of duplicate measures determined in four
independent experiments. Significant differences among samples were
established by using the least significant difference test. Means in the
same graphic with different letters (a—f or a’—f’) were significantly
different (P < 0-05).

Effects of cell-surface components on
cytokine production

The effects of cell-surface components obtained by sonica-
tion of B. longum strains were also evaluated, as cell surface
components are potentially responsible for the immune
functions of probiotic strains (Fig. 2). The stimulation of
IL-10 production was the highest in the case of cell-surface
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components of B. longum NCC 2705 ATCC 15707 and BIF53
according to the results obtained with live cell suspensions.
Cell-surface components of B. longum ATCC 15707 and
BIF53 were those that induced the highest production
(P<0-05) of both Thl-type cytokines, IL-2 and IFN-y,
which was not in agreement with the results obtained by live
cell stimulation. Cell-surface components of B. longum NCC
2705 induced significantly higher (P <0-05) IFN-y pro-
duction when compared with non-stimulated and LPS-
stimulated cells, according to the effects of live cells. The
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Fig. 2. Cytokine production by peripheral blood mononuclear cells
stimulated with cell-surface components of different Bifidobacterium
longum strains (See Fig. 1 for details).
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Fig. 3. Cytokine production by peripheral blood mononuclear cells
stimulated with the supernatant of different Bifidobacterium longum
strains (See Fig. 1 for details).

surface-protein fractions of B. longum BIF53, ATCC 15707
and NCC 2705 showed the highest effects (P <0-05) on
TNF-o production, in agreement with the results obtained
when PBMCs were stimulated by live cells of the same
strains. Although to a lesser extent, the effects of cell-surface
components of B. longum NCIMB 8809 on TNF-o. were
also higher (P<0-05) than in non-stimulated and LPS-
stimulated cells, in agreement with the results obtained by
stimulation of live cells. The probiotic strain B. longum
BB536 was the only exception to this trend.

Effects of cell-free culture supernatants on
cytokine production

The immune effects of compounds secreted to cell-free
culture supernatants on cytokine production are shown in
Fig. 3. All supernatants of B. longum cultures induced the
production of significantly higher amounts of IL-10 than
those found in the non-stimulated cells, but not superior to
the amounts found in the LPS-induced cells. The superna-
tant of B. longum ATCC 15707 and BIR-324 significantly
induced (P < 0-05) IFN-y production and that of B. longum
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NCC 2705 ATCC 15707 IL-2 production, when compared
with non-stimulated and LPS-stimulated cells. These effects
did not correspond to those detected with live cells, suggest-
ing that compounds secreted to the extracellular medium
other than those associated with the cell-surface could
mediate part of the immune effects. Induction of TNF-a. by
cell-free culture supernatants of the studied strains was not
detected in any case.

Effects of DNA on cytokine production

The effects of pure genomic DNA of different B. longum
strains on stimulation of cytokine production by PBMCs are
shown in Table 1. The production of the Thl cytokine IL-2
and the Th2 cytokine IL-4 were not induced by PBMCs
stimulated with the DNA of any B. longum strain. DNA from
B. longum NCIMB 8809 and the probiotic strain B. longum
WI1 showed a significantly higher (P <0-:05) ability to
stimulate the production of the Thl-type cytokine IFN-y
and the cytokine levels were also higher than those found in
LPS-stimulated PBMCs. None of the DNA from B. longum
strains was able to induce IL-10 production significantly. In
fact, compared to non-stimulated cells, the production of
IL-10 was lower in all cases. This can be a consequence of an
insufficient concentration of stimulant that, unexpectedly,
seemed to affect negatively basal cytokine levels. DNA from
B. longum NCC 2705, the probiotic strain B. longum BB536
and the laboratory isolate B. longum BIR 324 showed a sig-
nificantly higher (P < 0-05) ability to induce the production
of the proinflammatory cytokine TNF-o, but B. longum
BB536 induced the highest values when compared with the
other strains.

Table 1. Cytokine production by peripheral blood mononuclear cells
(PBMCs) stimulated with genomic DNA from Bifidobacterium strains.

Cytokine production’

IFN-y TNE-o IL-10
Strains (pg/ml) (pg/ml) (pg/ml)
RPMI-1640 95 + 1.0° n.d. 57.7 * 2:6°
LPS 119 * 0-5° 27-8 + 3.1° 398 + 7-8"
NCIMB 8809 92-1 + 7:2° n.d. 20-46 * 3-1°
Wil 131-0 + 13-7° n.d. 19:56 * 2-6°
BIR 324 33.0 * 7-1¢ 491 + 18-2° 13-85 * 1.3¢
BB 536 38-4 + 8.6 308-5 * 32:9¢ 10-23 *+ 0-9¢
ATTC 15707 33.3 + 3.0° 171 * 5.9 10-34 + 0-8°
NCC 2705 358 + 7-1¢ 1223 * 2.6¢ 9:33 + 0-9¢
BIF 53 23.7 * 0-7¢ n.d. 12:04 *+ 1-0¢

"Data are expressed as means =+ s.d. of duplicate measures deter-
mined in four independent assays. Significant differences among
samples were established by using the least significant difference test.
Means in the same column showing different letters (a—e) were signifi-
cantly different (P<0-05). IFN: interferon; IL: interleukin; LPS:
lipopolysaccharide; n.d.: non-detectable; TNF: tumour necrosis factor.
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Discussion

In this study, a large variation in the ability of different
strains of the same Bifidobacterium species to modulate the
in vitro production of cytokines by PBMCs has been
detected, suggesting different functional roles. A few studies
on the species-specific effects of bifidobacteria on immuno-
competent cells have been carried out previously [8,15].
None the less, to our knowledge, this is the first comparative
study of the immunoproperties of different strains of the
same species. Here, a strain-specific pattern of cytokine pro-
duction, particularly of IL-10, IFN-y and TNF-q, has been
demonstrated by comparing reference strains, human iso-
lates and commercial probiotics of B. longum. A common
feature of the tested strains was their ability to induce IL-10
production, although to a different extent, which was not the
case for IL-4, as reported in other studies for different species
of lactic acid bacteria [16]. Bifidobacterium strains that were
good inducers of IL-10 production were also good inducers
of TNF-o. production, as indicated in previous studies
[22,26].

In the present study, the induction of production of the
Thl cytokine IFN-y seemed to be correlated inversely with
the production of IL-10 in the strain B. longum W11 and to
a lesser extent in BB536, while the opposite trend was
observed in the strains B. longum ATCC15707, 8809 and
BIF53. Numerous studies support the view that IL-10 exerts
a strong suppressive effect on Thl lymphocytes, antigen-
presenting cells and the production of inflammatory media-
tors [27,28]. Thus, IL-10 can counteract the production of
other cytokines such as IFN-y or IL-4. Considering our
results, strains such as B. longum W11 and BB536 could
provide protection against the early stage of infection via
Th1 and TNF-o production [29]. In fact, B. longum W11 is
claimed to help in the treatment and prevention of gas-
trointestinal infections and reduce bacterial overgrowth in
irritable bowel syndrome (IBD) [26,30]. In addition,
B. longum BB536 was reported to help in fighting pathogens
and alleviating symptoms of allergy and atopic diseases by
promoting Thl- and counteracting Th2-immune responses
[29]. In contrast, strains showing a regulatory cytokine
profile characterized by stronger induction of IL-10, such as
B. longum ACTT 15707, NCIMB 8809, BIF53 and NCC
2705, could play important regulatory roles against Th1-
biased immune response in IBD patients, for example.

The effects of cell-surface components obtained from
B. longum strains by sonication overall confirm the effects of
live cells on cytokine production, indicating that surface
structures are important in determining immunostimulat-
ing activity of probiotic bacteria [31,32]. The differential
effects detected in some cases between the use of live cells
and cell-surface components as stimulants might be due to
differences in the efficiency of the sonication procedure to
extract bioactive components among strains. In addition,
compounds other than those obtained by sonication could
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have been involved in immune stimulation. TNF-o. produc-
tion was only slightly induced by cell-surface components in
four of the seven B. longum strains. The production of this
cytokine in response to bacteria has been related to tertiary
configuration of their peptidoglycan and surface proteins,
which could also have been disturbed during extraction by
sonication [33].

It has also been demonstrated that compounds released to
culture supernatants by some of the studied B. longum
strains could play an additional role in immunomodulation.
Soluble factors of probiotic or commensal bacteria have been
demonstrated to have immune functions, but there are still
few reports on the identification of those bioactive com-
pounds [21]. An interesting finding of this work is that none
of the supernatants were able to induce TNF-0,, indicating
that the proinflammatory component of B. longum is asso-
ciated only with structural cell components.

The immunostimulatory effects of DNA from different
B. longum strains led to the production of the proinflamma-
tory cytokines IFN-y and TNF-o. DNA extracted from pure
cultures of the probiotic mixture VSL#3 and from human
faeces collected after probiotic ingestion influence cytokine
production by PBMC decreasing IL-1f and increasing IL-10
[18]. The ability of the probiotic mixture VSL#3 to attenuate
experimental colitis was also shown to be mediated by DNA
via TLR9 signalling [34]. It has been suggested that the high
guanine cytosine (GC) content of the Bifidobacterium genus
(58-61%) could favour IL-10 production. The differential
effects exerted by the studied B. longum strains could be due
to differences in the presence or redundancy of CpG motifs
in their DNAs, as it is demonstrated that some of these
motifs exert a more pronounced immunomodulatory effect
than others [35]. In contrast to what has been reported in
other studies, the induction of IL-10 production upon
stimulation of PBMCs with genomic DNA of B. longum
strains was not higher than that induced by LPS, although
lower concentrations of stimuli were used in this study [18].
The oligodeoxynucleotide BLO7S identified in B. longum
BB536 has been reported to exert anti-allergy effects in vitro
and in vivo by increasing Thl and decreasing Th2 cytokine
production [36,37]. In this study the DNA from this strain
was, however, not exerting the strongest immunostimulatory
effect on Thl-type cytokine production compared to the
DNA from other tested strains. Although the study of indi-
vidual traits of a strain is not enough to predict its function-
ality, the results presented highlight the need for conducting
a comparative evaluation of strains of the same species for an
improved selection of probiotics for specific uses.

Overall, B. longum strains have shown to divert immune
responses into different directions in vitro, either towards a
proinflammatory or a regulatory profile. This suggests that
different strains may have different functional roles and
applications in diverse pathological conditions. The fact that
scientific publications suggest that similar effects (alleviation
of lactose intolerance, improvement of defences against acute
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infections, etc.) are produced by different strains must not
lead to generalizations about probiotic effects. Some strains
may have functional traits in common but not all do, and
studies on specific strains are needed [5]. Even sharing certain
features, the obtained results suggest that some strains can
perform a functional role better than others and so a careful

selection of strains for therapeutic use is desirable.
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