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Abstract: Dairy propionibacteria are gram positive, acrotolerant and mesophilic bacteria found in dairy products, and in
diverse habitats such as soil, plants, and digestive tracts of ruminants. They are essential as ripening culture in the
manufacture of Emmental cheese and other types of Swiss cheeses so they are consequently ingested in high amounts by
the consumers. Dairy propionibacteria are also considered for their probiotic use. Indeed, they are species with low
nutritional requirements, and with high adaptability and tolerance toward stresses, including acid and bile salts. Some
strains (species) were shown to survive in the human gut, where they may have health-promoting effects. In this review,
we summarize the knowledge on the interactions between probiotic dairy bacteria and the intestinal epithelium. We focus
on the metabolites that are likely to play a probiotic role in the colon, as well as propionibacteria adhesion to intestinal
mucus and epithelial cells. Then, among the probiotic potentialities, the immunomodulatory properties of dairy

propionibacteria are given detail in.
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I. INTRODUCTION

Dairy propionibacteria are consumed in high amounts in
several fermented dairy products. Due to their remarkable
adaptability and tolerance, they can be found at elevated
populations  within the human gut.  Cutaneous
propionibacteria, that are closely related to the dairy species
have been extensively studied owing to their
immunomodulatory properties. Indeed, cutaneous species of
propionibacteria that can be found all over the body, are part
of the skin and gut microbiota, and participate in the cross-
talk between bacteria and the epithelium. However,
cutaneous species can cause infections and are regarded as
opportunistic pathogens. Similar and divergent features
should thus be sought in the dairy species, recognized as
probiotics. A particular interest is currently focused on
interactions between probiotic dairy propionibacteria on one
hand and the epithelial and immune components of the

*Address correspondence to this author at the UMR1253 STLO, INRA —
Agrocampus Ouest, 65 rue de Saint Brieuc, 35042 Rennes cedex, France;
Tel: +33 (0)2 23 48 57 41; Fax: +33 (0)2 23 48 53 50;

E-mail: gwenael.jan@rennes.inra.fr

1573-3955/12 $58.00+.00

intestinal mucosa on the other. Several studies suggest that
they may play a role in the context of epithelial homeostasis
preservation.

II. GENERAL OVERVIEW OF DAIRY PROPIONI-
BACTERIA

Dairy propionibacteria have been known for a century.
Orla-Jensen described, in 1898, the bacteria responsible for
the formation of eyes in Emmental cheese. The first pure
culture was obtained in 1906 [1] and the genus
Propionibacterium was proposed by Orla-Jensen in relation
with propionic fermentation occurring in the cheese with
concomitant production of carbon dioxide [2]. The current
classification derives from the work of Cummins and
Johnson in 1972 [3] in which the genus Propionibacterium
comprises both dairy species described by Orla-Jensen and
cutaneous species previously classified as corynebacteria
(Table 1).

Propionibacteria are Gram-positive bacteria with a high
genomic GC content. Their rRNA 16S gene sequences and
their GC content (53 to 68%) allow classification in the
actinobacteria [4]. More precisely, they are members of the
actinomycetales order. Actinomycetales, which contain
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pathogenic, marine, plant symbiont and soil bacteria, are
known for their prolific production of small molecules
including antibiotics, anticancer agents and immunomodula-
tory compounds. This order is characterized by a remarkable
diversity in terms of morphology, ecology, genome size,
genomic GC content, and the number of coding sequences in
the genome [5-7]. Several changes occurred in the
classification of propionibacteria since the pioneering work
of Van Niel in 1928. The current taxonomy of propioni-
bacteria describes 12 species (http://www.bacterio.cict.fr/)
including the four typical dairy species: P. freudenreichii, P.
acidipropionici, P. jensenii and P. thoenii. The main dairy
species considered for human consumption is P.
freudenreichii. Its type strain CIRM-BIA1  genome has
recently been sequenced [8], constituting the first and unique
dairy propionibacterium sequenced genome. The species P.
freudenreichii is divided into 2 subspecies, P. freudenreichii
subsp. freudenreichii and subsp. shermanii, discriminated on
the basis of lactose fermentation and nitrate reductase
activity. However, a recent multilocus sequence typing
scheme questioned these phenotypic distinctions, as it
appeared that P. freudenreichii subspecies definition does
not reflect the ancestral relationships between strains [9].
Only dairy propionibacteria will be further considered in this

paper.

Table1, Dairy and Cutaneous Propionibacterium Species

Dairy (Classical) Propionibacteria Cutaneous Propionibacteria

P. acidipropionici P. acidifaciens

P. cyclohexanicum P. acnes
P. freudenreichii subsp. freudenreichii P. australiense

P. freudenreichii subsp. shermanii P. avidum

P. jensenii P. granulosum
P. microaerophilum P. propionicum
P. thoenii P. humerusii

The species formerly known as P. inoccuum and P. lymphophilum have been
reclassified as Propioniferax innocua [83] and Propionimicrobium lymphophilum [84]
respectively.

Dairy propionibacteria are described as pleomorphic
rods, non motile, non sporing, anerobic to aerotolerant and
generally catalase positive, which grow in the temperature
range 15 to 40°C and the pH range 5.1 to 8.5. They were
long considered as bacteria restricted to dairy environments
including cheese, dairy plants and raw milk. However, they
are also isolated from soil, plants, fodder and from the rumen
content [10-12] so that their natural habitat is probably the
digestive tract of ruminants. They are heterofermentative and
metabolize various carbohydrates (including glucose,
galactose, fructose and lactose), alcohols (including glycerol)
and organic acids (including pyruvate and lactate, the
preferred substrate). Such substrates are available in the
colon content in which ingested dairy propionibacteria keep
an active metabolism and release their metabolites [13;14].
Metabolites released by dairy propionibacteria include the
short chain fatty acids (SCFA) acetate and propionate,
vitamins (B8, B9 and B12) and DHNA (1,4-dihydroxy-2-
naphtoic acid). These metabolites are likely to play a
probiotic role in the colon. DHNA is the bifidogenic
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compound known to modulate the human colon microbiota
in favor of bifidobacteria [15;16]. It was also described as an
anti-inflammatory compound reducing colitis in a mice
experimental model [17]. Acetate and propionate are SCFA
known to play a role in the modulation of proliferation and
apoptosis of colon cancer cells [18;19]. Propionate was
moreover described as having anti-inflammatory modulating
NF-kB activity, immune related genes expression and
cytokine release in cultured human colon cell lines [20].

ITII. ADHESION TO INTESTINAL EPITHELIUM

The epithelial surface lining the gastrointestinal tract is
covered by a layer of mucus synthesized and secreted by
globet cells. This layer limits the access of bacteria from the
intestinal lumen, highly populated, to the epithelial cells and
forms a microenvironment colonized by intestinal
autochthonous bacteria [21]. The mucus contains high
molecular mass glycoproteins responsible for the viscosity
and gel-forming properties, which are of importance for the
bacterial exclusion from the epithelium. However,
interactions with these glycoproteins allow explaining, in
part, how autochthonous bacteria as well as some pathogens
and probiotic bacterial strains adhere to the intestinal wall
and resist peristalsis and subsequent removal from the gut.

Bacterial adhesion not only increases the residence time
of probiotic strains but is also one of the mechanisms by
which some probiotics reinforce the structure of the mucosa
barrier, compete for adhesion determinants with pathogens,
preventing translocation to tissues and organs and modulate
the immune response.

Bacterial cell adhesion to the intestinal wall is affected by
the composition and structure of both interacting surfaces.
The process is sometimes mediated by specific attachment of
bacterial lectin-like proteins to carbohydrate residues on the
target tissues [22]. However, a frequently proposed
mechanism involves non-specific hydrophobic interactions
with the epithelial surface [23]. Moreover, the production of
extracellular substances by bacteria may also influence
adhesion [24].

Adhesion Models

Different in vitro models (Table 2) have been proposed
as screening methods for the selection of bacteria with
potential ability to adhere to the intestinal mucosa including
the study of physicochemical properties and chemical
composition of the bacterial surface, adhesion to cell-lines
derived from human carcinoma, exfoliated normal intestinal
cells, immobilized intestinal mucus or mucus glycoproteins.
In the same way, in vivo studies in animals’ models have
been assayed. Whatever the methods used, clinical trials are
always necessary to validate the results of persistence and
safety of any probiotic strain in a human or animal host.

Dairy propionibacteria grow slowly in natural
environments, even more in the challenging conditions of the
intestine where the high concentration of bile salts and low
availability of carbohydrates limit the growth of many
bacteria. To exert many of their probiotic effects that depend
on their survival and persistence in the gut, the ability to
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Table 2.
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Adhesion of Dairy Propionibacteria to Gut Epithelium According to the Used Model

Adhesion Models

Dairy Propionibacteria Strains

Human Immobilized
Mucus (%)

Epithelial Cells (%)

(Log CFU/g of Tissue of Cells)

In Vivo Adhesion

P. acidipropionici CRL 1198

©62.2+£2.51 % [27]

©7.46 +0.34 [27]
457+0.5[39]
45.9+0.5[40]

P. acidipropionici Q4

*61.1 +7.94 % [27]

©7.43 £0.62 [27]

P. acidipropionici DSM 4900

13402 % [38]

P. freudenreichii subsp. shermanii DSM 4902

1.7 40.4 % [38]

P. freudenreichii subsp. freudenreichii DSM 20271

2.6%0.1 % [38]

P. freudenreichii subsp. shermanii JS (DSM 7067)

0.4+0.2 % [23]
52+3.6 % [36]
14 % [37]
0.9+ 0.5 % [38]
11.3 £3.6 % [41]
0.9+ 0.5 % [42]
1 % [43]

0.9 % [85]

®122+1.3 %[31]

P. freudenreichii CRL 757

*28.3 +£2.35 % [27]

©4.57 +£0.53 [27]

P. freudenreichii F3

*50.0 +9.40 % [27]

©6.62 +0.50 [27]

P. freudenreichii G1

*40.0 + 4.00 % [27]

©221+1.33 [27]

P. freudenreichii P2

1.6 £0.5%[23

0.8+0.2%[23
P. freudenreichii P6

0.4£0.2%[23

1.7+0.5%[38

(23]

(23]

1.5+0.3 % [38]

P. freudenreichii subsp. freudenreichii P131 % }

P. jensenii DSM 20278 1.9+£0.3 % [38]
P. jensenii TL 246 *60.0 +3.35 % [27] ©6.86 +0.36 [27]
P. jensenii 702 8 +3 %[33]

P. thoenii DSM 20277 1.4+0.4% [38]

(%) Values are expressed as a percentage of adhered bacteria as compared to the total propionibacterial population used in the assay.

*Adhesion was assessed on mouse intestinal exfoliated cells.
®Adhesion was assessed on Caco-2 human colon cancer line.

‘Adhesion is expressed in log CFU/g of mouse intestinal exfoliated cells after feeding of dairy propionibacteria.
dAdhesion is expressed in log CFU/g of mouse cecal tissue after feeding of dairy propionibacteria.

interact and adhere to the intestine wall becomes an
important feature. Therefore, the surface properties and
many of the available methods to assess adhesion ability
have been studied in dairy propionibacteria.

Autoaggregation, that appears to trigger a rapid adhesive
response in some bacteria and hemagglutination ability,
frequently used to detect the presence of lectin-like proteins
on the bacterial surface, both have been associated to high
cell adhesion in bifidobacteria [25]. Microbial Adhesion To
Solvents (MATS) method has been extensively used to
determine hydrophobic or hydrophilic properties of the
bacterial cell surface. Affinity of bacterial cells to non-polar
solvents like hexadecaene or p-xylene is considered as
indicative of hydrophobic surface, while the affinity to polar
solvents such as chloroform or ethyl acetate suggests
hydrophilic character. A good correlation between
hydrophobicity and adhesion has been reported for

lactobacilli, bifidobacteria and streptococci. However, the
relevance of the method to predict the adhesion to tissues is
questionable as many researchers have demonstrated
adhesiveness of bacteria with either hydrophilic or
hydrophobic surfaces [26].

Related to dairy propionibacteria, Zarate et al. [27]
demonstrated that only one strain of P. freudenreichii,
among twenty-four assayed for their solvents affinities, had
hydrophobic surface. Four strains of P. freudenreichii
showed autoaggregation and only one P. jensenii had the
ability to agglutinate erythrocytes. This study showed that
hydrophobicity, autoaggregation and hemagglutination are
not widespread features among dairy propionibacteria.

The relevance of the MATS method, autoaggregation and
agglutination of erythrocytes assays to predict the adhesion
ability, was determined by these researchers with other in
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vitro assay, in which intestinal exfoliated cells (IEC) from
mice intestines were used as a model. Hydrophilic strains
showed higher adhesiveness to epithelial cells than the
hydrophobic strain P. freudenreichii G1 [27;28]. Moreover,
a direct correlation among  autoaggregation  or
hemagglutination features and cell adhesion was not found.
The adhesion mechanism in dairy propionibacteria proved to
be very complex with many surface structures acting in a
cooperative way [28]. The process involves proteins,
different carbohydrates and teichoic acids [28;29]. Mice
intestinal exfoliated cells constitute an appropriate model to
assess adhesion ability as cells do not need to be cultured,
but have the disadvantage to be a non host-specific model.

Other in vitro studies have used cell lines, like Caco-2 or
HT-29 human derived adenocarcinoma cells, to evaluate the
adhesion of different probiotics [30]. Fig. (1) illustrates
interaction of P. freudenreichii ITG P18 with Caco-2 cells,
observed using scanning electron microscopy. Lehto and
Salminen [31] demonstrated that P. freudenreichii subsp.
shermanii JS adheres to Caco-2 cells model in a similar
proportion as the probiotic Lactobacillus rhamnosus GG
which was used as a positive control. In turn, Huang and
Adams [32] assayed the adhesion of propionibacteria to
Caco-2BBel cells, a more differentiated culture derived
from Caco-2 cell line that expresses characteristics of mature
enterocytes. Thirteen strains of P. freudenreichii, P.
acidipropionici and P. jensenii were assayed and only one
strain, P. jensenii 702, adhered to the used cell model. In a
further study, Moussavi and Adams [33] also studied the
adhesion of P. jensenii 702 in combinations with L. casei 01,
L. plantarum HAS, L. rhamnosus GG, L. reuteri
ATCCS55730 and B. lactis Bb12 to Caco-2 cells. They found
an improvement in values of adherence in the combination
of strains, even when in most cases the values were not
statistically different. However, they also found a significant
reduction in adhesion percentage of two strains of
lactobacilli related to their adhesion level when assayed
alone. The authors highlighted that adhesion differences due
to the presence of other bacteria in addition to the probiotic
strain should be considered when new probiotic formulations
are designed. The HT-29 cell line has also been used in an
adhesion assay of P. acidipropionici Q4, previously
characterized as a non-autoaggregant, non-hemoagglutinant
strain with hydrophilic surface. The strain showed
adhesiveness to this cell line similar to that observed with L.
rhamnosus GG which was used as a positive control (Zarate
et al., unpublished).

Lenaerts et al. [34] compared the protein expression
pattern of Caco-2 and HT-29 cells with the patterns of
intestinal epithelial cells from human small and large
intestine. Numerous characteristic proteins of human
epithelium in vivo were expressed in the cultures of colon
cell lines. However, over-expression and under-expression of
certain proteins were also observed. The global expression of
intestinal epithelial scrapings was different from that of
intestinal epithelial cells lines apparently due to proteins
synthesized during adaptation of cells to culture conditions
and their tumor origin. Therefore, cultures of human cell
lines of tumor origin are not always comparable to normal
tissue cells, especially regarding surface components that
interact with bacteria. Adhesion results obtained with cell
lines are in fact indicatives of the ability of strains to interact
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with the human epithelium surface, but a comparison
between strains with different percentage of adhesion may
not be relevant as data are influenced by the type and amount
of receptors expressed on the cultured cell surface. On the
other hand, the lack of mucus covering Caco-2 cells layers is
a drawback as results are not easily extrapolated to the
intestinal environment.

Fig. (1). Interactions between dairy propionibacteria and cultured
human colon cancer cells. Caco-2 cells was co-cultured with P.
freudenreichii 1TG P18 during 24 hours and examined using
scanning electron microscopy (magnification x 10,000).

Bacterial adhesion to mucus has also been studied in
dairy propionibacteria. In a comparative assay, Zarate et al.
[28] reported that P. acidipropionici CRL1198 adheres either
well to either either mice IEC or the mucus layer covering
them. In this study, adhesion to mucus was observed by
Scanning Electron Microscopy (SEM). Ouwehand et al. [23]
found that four strains of P. freudenreichii exhibited low to
moderate adhesion to immobilized human mucus (0.2 to
6.5%), that was attributed to non-specific interactions
between bacteria and mucus. An increased adhesion was
observed when the mucus was pre-incubated with
Lactobacillus rhamnosus GG, Bifidobacterium lactis Bb12
or Bifidobacterium infantis Bbi, depending on the
propionibacteria strain assayed. In a study of Collado et al.
[35], the ability of two strains of lactobacilli (Lactobacillus
rhamnosus GG and LC705), one of Bifidobacterium
(Bifidobacterium breve 99) and one of P. freudenreichii
subsp. shermanii JS to adhere to immobilized mucus was
evaluated. Strain combinations showed improved adhesion
to mucus then each strain was individually assayed,
suggesting a synergic effect in the strain combinations. With
respect to P. freudenreichii subsp. shermanii JS, its adhesion
was very low (0.9% + 0.5) but was enhanced by association
with any other of the probiotic strains used, either alone or in
combinations. Moreover, combinations of P. freudenreichii
JS with L. rhamnosus GG or LC705 showed good
coaggregation properties with percentages higher than 10%.

Human ileostomic glycoproteins have been used by
Tuomola ef al. [36] in assessing in vitro adhesive probiotic
strains. The adhesion percentage reported for P.
freudenreichii JS, 5.2 £ 3.6, was higher than that observed
when the entire mucus was used [23;35]. The higher
adhesion to glycoproteins obtained from ileostomy effluents,
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compared to colonic mucus obtained by gently scrapping of
the mucosa, may be related to differences in the composition
of free mucus and the mucus layer firmly adhered to the
epithelium that contains a mix of gel-forming mucins and
membrane-bound mucins.

Ouwehand et al. [37] assessed adhesion of various
probiotics after heat, u.v. and y-irradiation treatments. They
found that heat or wu.v. inactivation increased the
adhesiveness of P. freudenreichii JS. In turns, Zarate et al.
[28] and Thiel ef al. [38] studied the effect of low pH values,
gastric and pancreatic enzymes and bile salts, used
individually or in a sequential model, on the adhesiveness of
different strains of dairy propionibacteria. An increased
adhesion to mucus was found by Thiel et al. in most of the
strains of P. freudenreichii and one strain of P.
acidipropionici at low pH and in the presence of bile salts.
Pepsin and pancreatin treatments reduced the adhesiveness
of strains to a different extent with the only exception of P.
freudenreichii JS, not affected by these enzymes treatments.
Zarate et al. [28] reported a lower adhesion percentage for P.
acidipropionici CRL1198 to mice IEC after incubation in an
artificial gastric juice containing 3 mg mL™ pepsin at pH 3,
and no effect after incubation with simulated pancreatic juice
with bile that contained 0.15% bile salts, | mg mL™" trypsin
and a-chemotrypsin at pH 8. The results confirmed that
different structures may be involved in the adhesion of a
particular strain, as they are affected to a different extent by
the treatments. However, a comparison between studies is
not possible as different adhesion models were used.

Murine models have been used to assess adhesion of
different strains of dairy propionibacteria to the intestinal
tissues. P. acidipropionici CRL1198 administered in the
drinking water of mice during seven days, in daily doses of
8-9 log bacteria.mL™', were found adhered to caecum in a
level of 5.7 + 0.5 log UFC g of tissue after an overnight
period of fasting [39]. Similar counts were obtained when
this strain was administered in a milk suspension (5.9 + 0.6
log UFC.g" of tissue) and in an experimental cheese (5.0 +
0.8 log UFC.g" of tissue) [40]. Mice from these studies
showed counts near of 10° UFC.g" in the cecal contents
independently of the way to deliver the strain. A comparison
of the ability to adhere to tissues in vivo of two strains of P.
acidipropionici, one of P. jensenii and three of P.
freudenreichii was performed by Zarate ef al. [27]. Strains
were administered ad libitum to mice during three days in a
level of 10° bacteria.mL™" of milk and recovered in IEC
suspensions obtained by scrapping washed small bowel
tissues. Results expressed as UFC.g"' of IEC were higher
than that observed by the authors in the same tissues in other
studies as feeding protocols and procedures for the recovery
and counting of bacteria were different. Adhesion ability was
strain dependent but a correlation between adhesion
percentages in vitro and recovery of strains in vivo from IEC
was found. Only one strain of P. freudenreichii with
autoaggregation property exhibited less in vivo recovery than
that expected from the in vitro assay. In conclusion, in vitro
assays with IEC have proven to be a useful and valuable tool
to predict the behavior of propionibacteria in vivo, when the
same intestinal segment is analyzed. However, to extrapolate
results to humans, in vitro assays should be carried out by
using cells obtained from resected intestinal tissues.
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Competition with Pathogenic Bacteria for Adhesion Sites

Competition with pathogens for adhesion to the mucosal
surface may help in protecting the host against infections.
Assessing the ability of probiotics to inhibit, compete or
displace pathogens from a biological surface requires the
availability of appropriate in vitro models, in such a way, to
involve a response of the host immune system.

Vesterlund et al. [41] studied the ability of P.
freudenreichii subsp. shermanii JS and several strains of
lactobacilli and enterococci to displace, exclude or compete
with  Staphylococcus aureus for adhesion sites in
immobilized mucus.  Significant  displacement  of
Staphylococcus was observed with only two strains of
lactobacilli and with P. freudenreichii subsp. shermanii JS.
Collado et al. [42] assessed the effect of a combination of L.
rhamnosus GG, L. rhamnosus LC705 and P. freudenreichii
subsp. shermanii JS, with the addition of Bifidobacterium
breve 99 or B. lactis Bb12, in the adhesion to immobilized
mucus to exert a negative effect on several pathogens
adhesion. Pathogens used in the study were Bacteroides
vulgatus, Clostridium histolyticum, C. difficile, Escherichia
coli K2, Listeria monocytogenes, Salmonella enterica
serovar Typhimurium and Staphylococcus aureus. Pre-
incubations of mucus with probiotics or pathogens and the
simultaneous additions of probiotics combinations and each
pathogen were used to determine inhibition, displacement or
competition for the adhesion sites respectively. The authors
found that inhibition or displacement of pathogens is very
specific of strains and that this ability is not directly related
with the degree of adhesion of the probiotics strains.
Moreover, displacement and inhibition profiles were
different, suggesting that different mechanisms may be
involved in both events. Better effects were observed with
the combination containing B. breve 99. In a further study,
Collado et al. [43] assessed the ability of 12 commercial
probiotic  strains, including P. freudenreichii subsp.
shermanii JS, to exclude eight selected pathogens. They
observed that all the probiotics tested were able to adhere to
mucus and inhibit and displace Bacteroides, Clostridium,
Staphylococcus and Enterobacter by different mechanisms.

L. rhamnosus GG, L. rhamnosus LC705, P.
freudenreichii subsp. shermanii JS and Bifidobacterium
breve 99 were also assayed, each individually or combined,
to inhibit the adhesion of Helicobacter pylori to Caco-2 cell
line [44]. P. freudenreichii subsp. shermanii JS inhibited
76% H. pylori adherence but only at the highest
concentration tested (10° CFU.mL™"). At this cell density, P.
freudenreichii was more effective than the probiotic
combination. Moreover, combined strains increased the
levels of IL-8, PGE, and LTB, released by the epithelial
cells infected by the pathogen suggesting that other effects
on cells should be investigated before using probiotic
combinations.

Recently, the human HT-29 cell line was used to assess
the ability of P. acidipropionici Q4 to prevent the adhesion
of Salmonella Enteritidis and Escherichia coli (Zarate et al.,
unpublished). The adherence of both pathogens was
inhibited by propionibacteria (82% and 30% respectively).

Competition with pathogens for adhesion sites in the
intestinal wall is a desirable feature in a probiotic strain and
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dairy propionibacteria have demonstrated the ability to
protect the host by means of this mechanism. However, more
investigations are needed in this field in normal
physiological conditions of the intestinal environment.

Iv. DAIRY PROPIONIBACTERIA AND
IMMUNOMODULATION
Besides the above-mentioned ability of dairy

propionibacteria to interact with the gut, their immune
aspects are also highly suggested to confer the role of these
food/cheese inhabitant microorganisms as probiotics. Indeed,
among the probiotic potentialities of dairy propionibacteria,
scientific evidences indicate their immunoenhancing effects
or their immunomodulatory and anti-inflammatory capacity
(Table 3). Distinct studies performed in vitro, ex vivo, and in
vivo in animal models as well as in humans sustained such
effects, although clinical studies have mainly reported on the
use of dairy propionibacteria in complex bacterial mixtures
and rarely with propionibacteria alone. This, in addition with
the bifidogenic role of propionibacteria, leads to delicate
interpretations of their direct and own impact on immune
function(s).

P. freudenreichii has been observed to modulate the
immune system in vitro through inhibition of H. pylori-
induced IL-8 and PGE, release in human intestinal epithelial
cells [44]. These anti-inflammatory effects did not persist
when P. freudenreichii subsp. shermanii JS was used in
combination with two lactobacilli and one bifidobacterium.
In addition, P. freudenreichii and P. acidipropionici were
reported to induce NKG2D ligand MICA/B expression in
human activated T lymphocytes without affecting this
expression on resting peripheral blood cells. However, this
effect was also observed with propionate alone and to a
lesser extent by acetate [45]. Considering the production of
cytokines, the strain P. freudenreichii subsp. shermanii JS
was able to induce TNF-a and IL-10 production in human
peripheral blood mononuclear cells (PBMCs) [46].
Interestingly, P. freudenreichii subsp. shermanii JS induced
only weakly the expression of the pro-inflammatory cytokine
IL-12, suggesting useful implication to treat colitis as
reported earlier [47]. More recently, this anti-inflammatory
effect was shown to be shared by several dairy
propionibacteria strains, but to a highly strain-dependent
extent [48]. E. coli DH5a-induced IFN-y production was also
reduced when it was combined with P. freudenreichii subsp.
shermanii JS [46]. Thus, considering the anti-inflammatory
actions of IL-10, these in vitro data, although rare/scarce,
suggest an immunomodulatory potential that could be
helpful in the treatment of inflammatory conditions or
diseases.

Considering gut inflammation, colonic infusion with P.
acidipropionici TL15 or TL223 [49], as well as oral
supplementation with a milk whey culture of P.
freudenreichii ET-3 [50] was shown to reduce the severity of
TNBS-induced colitis in rats. Similar protective effect of P.
freudenreichii SI48 and CIRM-BIA118 was observed
towards experimental colitis, induced either by the chemical
TNBS, or by the pathogen Citrobacter rodentium [48)].
Interestingly, healing of TNBS-induced colitis was also
observed with oral administration of propionate [50]. In
therapeutic and preventive studies, the 1,4-dihydroxy-2-
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naphtoic acid (DHNA), a compound released by
propionibacteria, improved the survival rate and histological
damage scores of mice with DSS-induced colitis [17].
DHNA not only attenuated colonic inflammation by
balancing intestinal bacterial ecosystem but also by
suppressing lymphocyte infiltration.

Considering immunomodulation, Perez-Chaia et al.
observed an improvement in carbon-clearance in mice fed
with P. acidipropionici CRL 1198, indicating an enhanced
phagocytic function of the reticuloendothelial system [39].
Administration of this strain prior to S. fyphimurium
pathogen inoculation led to an increase in both anti-S.
typhimurium IgA levels and numbers of cells producing the
antibody [51]. Okada et al. reported that DHNA had an anti-
inflammatory effect on NSAID-induced colitis in IL-10-
knockout mice through increased numbers of Bifidobacteria
and suppression of inflammatory cell infiltration [52].
Moreover, P. acidipropionici CRL 1198 enhanced the

phagocytic  activity of isolated mouse peritoneal
macrophages [39], which was higher in mice fed
propionibacteria than in the controls. This

immunostimulating effect was also triggered by oral
administration of P. acidipropionici isolated cell wall but not
with  isolated peptidoglycan [53]. Immune system
modulation by dairy propionibacteria may be related to the
chemical composition of the cell walls, particularly
molecules protruding from the surface. Oral treatment of
mice with P. freudenreichii subsp. shermanii JS in
combination with Lactobacillus rhamnosus GG increased T-
cell and B-cell proliferation after stimulation with
concanavalin A (T-cell mitogen) and lipopolysaccharide (B-
cell mitogen) respectively [54]. The authors suggest that
these results may indicate that the splenic lymphocytes
acquired a higher tolerance to the cytotoxic effects of the
mitogens. They suggest that they are related to the capacity
of dairy propionibacteria to bind this lectin in vitro, as cited
above. Another study showed a higher T-cell proliferation of
splenic lymphocytes with a P. jensenii strain in mice
receiving soluble Mycobacterium tuberculosis antigens [55].
The strain has been patented as an adjuvant for oral vaccines
[56;57].

Recently, Kekkonen et al. reported that a probiotic
intervention with P. freudenreichii subsp. shermanii JS in
healthy adults led to a reduction in the serum level of C-
reactive protein (CRP) compared to a placebo control [58].
CRP being a sensitive inflammation marker, this result
confirms the anti-inflammatory potential of dairy
propionibacteria. In a randomized, placebo-controlled,
double-blind trial performed in Helsinki on infants at high
risk of allergy, a probiotic mixture containing L. rhamnosus
GG, L. rhamnosus LC-705, B. breve Bb99 and P.
freudenreichii subsp. shermanii JS was given daily for 6
months after birth and compared to a placebo [59-61]. Two
years after birth, less antibiotic prescription and fewer
respiratory infections were reported in the supplemented
infant group, whatever the mode of delivery [61]. In
addition, less eczema and less atopic eczema were diagnosed
in the treated group [60]. Five years following birth,
significant differences were detected among caesarean-
delivered children: less IgE-associated disease occurred,
particularly eczema, and less IgE sensitization was detected
[59]. Thus, during the first stages of life, probiotic
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Table3. Effects of Dairy Propionibacteria Reported on Immune System
Conditions Tested Tested Microorganisms Results/Effects Ref.
Invitro
Caco-2 cells P. freudenreichii ssp. shermanii JS Inhibition of H. pylori-induced IL-8 and PGE2 release [44]
Human-activated T lymphocytes P. freudenreichii and P. acidipropionici | Induction of NKG2D ligand expression [45]
PBMCs P. freudenreichii Induction of TNF-a and IL-10 release [46]
P. freudenreichii and P. jensenii Induction of IL-10 release [48]
Invivo
TNBS-induced colitis in rats P. acidipropionici Healing of TNBS-induced colitis [49]
P. freudenreichii ET-3 Healing of TNBS-induced colitis [50]
P. freudenreichii BIA118 and SI48 Healing of TNBS-induced colitis [48]
Citrobacter rodentium-induced colitis in rats P. freudenreichii BIA118 and SI48 Attenuation of bacterial colitis severity [48]
Mice P. acidipropionici CRL 1198 Stimulation of mice peritoneal macrophage phagocytic [39]
P. acidipropionici cell wall activity [53]
Mice P. freudenreichii Stimulation of splenic lymphocyte [54]
. B proliferation [55]
P. jensenii
Mice P. acidipropionici CRL 1198 Increase of intestinal IgA production [51]
Clinical studies
Healthy subjects receiving probiotics during 3 weeks | P. freudenreichii ssp. shermanii JS Decrease in CRP serum levels [58]
IBS patients receiving probiotics during 6 months L. rhamnosus GG and Lc705 Alleviation of the irritable bowel syndrome symptoms | [86, 87]
B. breve Bb99
P. freudenreichii ssp. shermanii JS
IBS patients receiving probiotics during 5 months L. rhamnosus GG and Lc705 Alleviation of the irritable bowel syndrome symptoms [88]
B. animalis ssp. lactis Bb12
P. freudenreichii ssp. shermanii JS
Children with atopic dermatitis receiving probiotics L. rhamnosus GG and Lc705 Induction of IL-4 secretion in infants PBMCs with [64]
during 4 weeks B. breve Bh99 CMA
P. freudenreichii ssp. shermanii JS
Probiotics consumed by pregnant women two or four | L. rhamnosus GG and Lc705 Prevention of IgE-associated allergy in caesarean- [59]
weeks before delivery and by infants during 6 months | p ... Bp99 delivered children
after birth ‘
P. freudenreichii ssp. shermanii JS
Probiotics consumed by pregnant women two or four | L. rhamnosus GG and Lc705 Inc?ease in the resistance to rf:splratory infections [61]
weeks before delivery and by infants during 6 months | p 1. Bp9 during the first two years of life
after birth ‘
P. freudenreichii ssp. shermanii JS
Probiotics consumed by pregnant women two or four | L. rhamnosus GG and Lc705 Inverse association between atopic diseases and [60, 62
weeks before delivery and by infants during 6 months | p ... Bp99 colonization of the gut by probiotics 6,3 ] ’
after birth ‘
P. freudenreichii ssp. shermanii JS

P.: Propionibacterium L.: Lactobacillus

supplementation

including propionibacteria

B.: Bifidobacterium.

seems to

data indicate beneficial immunomodulation by a mixture of

promote immune system maturation, preventing infections
and allergies. In addition, such supplementation would
further counteract disorders linked to caesarean delivery such
as delayed colonization of the gut by bifidobacteria and
lactobacilli.  Another randomized, placebo-controlled,
double-blind trial tested the same probiotic mixture in infants
with atopic eczema-dermatitis syndrome (AEDS) and
suspected cow’s milk allergy (CMA). Soluble E-selectin and
plasma IL-10 levels were higher after probiotic
supplementation than after placebo treatment [62] and fecal
IgA levels tended to be higher in the probiotic group [63].
Another study showed that a mixture of P. freudenreichii
subsp. shermanii JS, L. rhamnosus GG and LC-705 and B.
breve Bbi99 increased IL-4 secretion and tended to stimulate
IFN-y secretion in PBMCs of infants with CMA [64]. This
may offer clinical benefits in the treatment of allergic
diseases by immunologic means. Altogether, these clinical

Gram-positive bacteria including P. freudenreichii subsp.
shermanii JS, with a reported anti-inflammatory effect of the
latter. Further clinical data should pin down the role of dairy
propionibacteria per se.

Probiotic properties "in general" and especially immune
effects of strains including bifidobacteria and lactobacilli
differ from one species to another and are strain-dependent
[65-68]. Although the ways in which probiotic bacteria
affect the human immune system in vivo and in vitro are not
fully assumed, understanding the cytokine patterns elicited
by probiotics may help to design probiotics for specific
preventative or therapeutic purposes [46]. Therefore, it is
necessary to screen a large number of dairy propionibacteria
in order to select strains with the best potentialities for
dedicated applications. In this context, such an approach to
study immunomodulation by a large set of dairy
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propionibacteria strains both in vitro (PBMC) and in vivo
(experimental colitis and infectious mice models) has been
initiated [48] and will be enlarged. The probable
mechanisms that are involved in the immune-mediated
probiotic effects are supposed to be multiple and probably
involve several specific ways. First, it may involve induction
of cytokines that further regulates innate and adaptive
immune responses, directing immune responses to either the
Thl type or the anti-inflammatory side [46]. We can also
speculate that dairy propionibacteria may jointly or
separately release cell-wall constituents and/or soluble
metabolites which are able to modulate pro-inflammatory
mediators or key inflammatory inducers such as NF-«kB.
Implication of surface components may be responsible for
some of the probiotic effects seen inside as well as outside
the gut. Indeed, propionibacteria surface extractible
components are involved in immunomodulation [48], and
lactobacilli surface proteins were reported to be involved in
both adhesion [69] and in immunomodulation [70]. The
potential impact of the newly described P. freudenreichii
surface polysaccharide, whose occurrence is highly strain-
dependent [71;72], is also to be considered. Besides the
classical ~ screening  methods, the first  dairy
propionibacterium genome from a P. freudenreichii subsp.
shermanii strain is now available. Genomic data will allow
new mechanistic investigations of its probiotic potential [73].
This will in turn confirm propionibacteria usefulness in the
context of Inflammatory Bowel Diseases (IBD) and Irritable
Bowel Syndrome (IBS), as well as other gastrointestinal
infection diseases, cancers and allergies.

V. BENEFICIAL METABOLITES OF PROPIONI-
BACTERIA AND MAIN GUT EPITHELIAL FUNCT-
ION

Dairy propionibacteria secrete a variety of compounds,
such as vitamins, trehalose, conjugated linoleic acid (CLA),
bacteriocins, anti-fungal and anti-viral compounds, which
can be regarded as beneficial [74]. The main end-product of
propionibacteria metabolism is propionate. Propionate, being
an SCFA, has been investigated for its health effects. The
suggested beneficial effects of propionate suggest similar
properties for dairy propionibacteria.

Dairy propionibacteria may modulate intestinal
functions. The mechanisms remain unclear, but probably
implicate the local production of metabolites. Ex vivo, with
rats intestine sections in an Ussing chamber model, Bouglé
et al. [75] observed an enhancement of iron absorption by
the proximal colon, due to the presence of P. freudenreichii
or its metabolites (propionate and acetate). In addition, these
SCFA may protect gut epithelium by improving mucus
secretion [76].

Propionibacteria may contribute to the reduction of risk
factors for colon cancer, which is the second most fatal
cancer in Europe [77]. In fact, P. freudenreichii and P.
acidipropionici have the ability to induce apoptosis of
colorectal carcinoma cells owing to the action of short-chain
fatty acids, especially propionate, on cancer cell
mitochondria [18;78]. In addition, P. freudenreichii and P.
acidipropionici induced NKG2D ligand expression on
various cancer cells and the authors speculate that the pro-
apoptotic effect may also be mediated by this over-
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expression [45]. Lan et al. reported that P. freudenreichii
TL133 increased induction of apoptosis in colonic mucosal
crypts of human microbiota-associated rats treated with the
carcinogen 1,2-dimethylhydrazine (DMH) [19]. The
administration of propionibacteria alone did not increase the
number of apoptotic cells in healthy colonic mucosa. This
study demonstrates the ability of P. freudenreichii to favor
apoptotic depletion of damaged cells at an early stage of
malignant cell transformation in rats. Strain TL133 also
increased the concentrations of acetate, propionate and
butyrate in rat cecal contents [14]. Metabolic activity of P.
freudenreichii has been also confirmed in the gastrointestinal
tract of human microbiota-associated rats [14].
Transcriptional — activity ~ within  the intestine was
demonstrated by the presence of P. freudenreichii-specific
transcarboxylase mRNA. Transcarboxylase is involved in
propionic acid metabolism. In another study, mice fed P.
acidipropionici CRL 1198 showed enhanced propionic acid
levels in the caecum [40]. Moreover, propionate prevented
colon cancer cell colonization [79]. In addition, Matthews et
al. reported that propionate induced apoptosis of gastric
cancer cells in vitro [80]. These in vitro and in vivo data
suggest that the use of dairy propionibacteria could reduce
the incidence of colon cancer or help to treat this cancer, by
modulating the proliferation/apoptosis balance of gut
epithelial cells.

VI. USE OF PROPIONIBACTERIA AS PROBIOTICS:
PRESENT AND FUTURE

In westernized countries, changes in environmental
conditions, including diet, smoking, alcohol, hygiene and
physical activity, are involved in the increased prevalence of
various pathologies including colon cancer, obesity,
inflammatory diseases and immune disorders. In these
syndromes, deregulation of the digestive microbiota
(dysbiosis) and of its cross-talk with the host is observed.

In this context, probiotic propionibacteria offer
interesting perspectives by their ability to modulate the gut
microbiota and its enzymatic activities, intestinal motility,
inflammation and immune system and may have potential
satiety effects [81]. These food grade bacteria are consumed
without side effects in elevated amounts [82]. The
elucidation of their promising probiotic effects and of the
corresponding mechanism is still in its infancy.

The future research work will aim at screening a large
series of strains for their robustness, activity within the gut,
and to acquire evidences of beneficial effects for the most
promising ones. The recent sequencing of a whole
propionibacterial genome will in this context, allow
identification of molecular mechanisms involved in
interactions between dairy propionibacteria and intestinal
epithelium. This should lead to preclinical and clinical
studies aimed at establishing in vivo potential of these
bacteria in the remediation of physiological disorders.
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ABBREVIATIONS

AEDS = Atopic eczema-dermatitis syndrome

CLA = Conjugated linoleic acid

CMA = Cow’s milk allergy

CRP = C-reactive protein

DHNA = 1,4-dihydroxy-2-naphtoic acid

DMH = 1,2-dimethylhydrazine

IBD = Inflammatory bowel diseases

IBS = Irritable bowel syndrome

IEC = Intestinal exfoliated cells

MATS = Microbial adhesion to solvents

PBMC = Peripheral blood mononuclear cells

SCFA = Short chain fatty acid

SEM = Scanning electron microscopy

REFERENCES

[1] von Freudenreich E, Orla-Jensen O. Uber die in emmentalerkése
stattfindene propionsdure-garung. Zentralbl Bakteriol 1906; 17(2):
529-46.

[2] Orla-Jensen O. Die hauptlinien des natiirlichen bakteriensystems

The main lines of the natural bacterial system. Zentralbl Bakteriol
1909; 22(2): 305-46.

[3] Johnson JL, Cummins CS. Cell-wall composition and
deoxyribonucleic acid similarities among anaerobic coryneforms,
classical propionibacteria, and strains of Arachnia propionica. J
Bacteriol 1972; 109(3): 1047-66.

[4] Rehberger TG. Genome analysis of Propionibacterium
freudenreichii by Pulsed-Field Gel-Electrophoresis. Curr Microbiol
1993;27(1): 21-5.

[5] Hopwood DA. Streptomyces in nature and medicine: the antibiotic
makers. 1 ed. New York, USA: Oxford University Press; 2007.

[6] Ventura M, Canchaya C, Tauch A, et al. Genomics of
Actinobacteria: Tracing the evolutionary history of an ancient
phylura. Microbiol Mol Biol Rev 2007; 71(3): 495-548.

[7] Embley TM, Stackebrandt E. The molecular phylogeny and
systematics of the actinomycetes. Annu Rev Microbiol 1994; 48):
257-89.

[8] Falentin H, Deutsch SM, Jan G, et al. The complete genome of
Propionibacterium  freudenreichii  CIRM-BIA1, a  hardy
actinobacterium with food and probiotic applications. PLoS ONE
2010; 5(7): e11748.

[9] Dalmasso M, Nicolas P, Falentin H, ef a/. Multilocus sequence
typing of Propionibacterium freudenreichii. Int J Food Microbiol
2011; 145(1): 113-20.

[10] Cheong JPE, Brooker JD. Isolation of a virulent bacteriophage
from a Propionibacterium species in the sheep rumen. Aust J Agric
Res 2000; 51(1): 119-23.

[11] Rinta-Koski M, Beasley S, Montonen L, Mantere-Alhonen S.
Propionibacteria isolated from rumen used as possible probiotics
together with bifidobacteria. Milchwissenschaft 2001; 56(1): 11-3.

[12] Jarvis GN, Strompl C, Moore ERB, Thiele JH. Isolation and
characterisation of obligately anaerobic, lipolytic bacteria from the
rumen of red deer. Syst Appl Microbiol 1998; 21(1): 135-43.

[13] Hervé C, Fondrevez M, Cheron A, Barloy-Hubler F, Jan G.
Transcarboxylase mRNA: a marker which evidences P.
freudenreichii survival and metabolic activity during its transit in
the human gut. Int J Food Microbiol 2007; 113(3): 303-14.

[14] Lan A, Bruneau A, Philippe C, et al. Survival and metabolic
activity of selected strains of Propionibacterium freudenreichii in

[15]

[16]

[17]

[18]

[19]

[20]

(21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Current Immunology Reviews, 2012, Vol. 8, No. 3 9

the gastrointestinal tract of human microbiota-associated rats. Br J
Nutr 2007; 97(4): 714-24.

Mitsuyama K, Masuda J, Yamasaki H, ef al. Treatment of
ulcerative colitis with milk whey culture with Propionibacterium
freudenreichii. J Intest Microbiol 2007; 21(2): 143-7.

Seki K, Nakao H, Umino H, et al. Effects of fermented milk whey
containing novel bifidogenic growth stimulator produced by
Propionibacterium on fecal bacteria, putrefactive metabolite,
defecation frequency and fecal properties in senile volunteers
needed serious nursing-care taking enteral nutrition by tube
feeding. J Intest Microbiol 2004; 18(2): 107-15.

Okada Y, Tsuzuki Y, Miyazaki J, et al. Propionibacterium
freudenreichii component 1.4-dihydroxy-2-naphthoic acid (DHNA)
attenuates dextran sodium sulphate induced colitis by modulation
of bacterial flora and lymphocyte homing. Gut 2006; 55(5): 681-8.
Jan G, Belzacq AS, Haouzi D, et al. Propionibacteria induce
apoptosis of colorectal carcinoma cells via short-chain fatty acids
acting on mitochondria. Cell Death Differ 2002; 9(2): 179-88.

Lan A, Bruneau A, Bensaada M, et al. Increased induction of
apoptosis by Propionibacterium freudenreichii TL133 in colonic
mucosal crypts of human microbiota-associated rats treated with
1,2-dimethylhydrazine. Br J Nutr 2008; 100(6): 1251-9.

Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti-inflammatory
properties of the short-chain fatty acids acetate and propionate: a
study with relevance to inflammatory bowel disease. World J
Gastroenterol 2007; 13(20): 2826-32.

Forstner JF. Intestinal mucins in health and disease. Digestion
1978; 17(3): 234-63.

Ofek I, Sharon N. Adhesins as lectins - Specificity and role in
infection. Curr Top Microbiol Immunol 1990; 151): 91-113.
Ouwehand AC, Suomalainen T, Tolkko S, Salminen S. In vitro
adhesion of propionic acid bacteria to human intestinal mucus. Lait
2002; 82(1): 123-30.

Ruas-Madiedo P, Gueimonde M, Margolles A, Reyes-Gavilan
CGDL, Salminen S. Exopolysaccharides produced by probiotic
strains modify the adhesion of probiotics and enteropathogens to
human intestinal mucus. J Food Prot 2006; 69(8): 2011-5.

Perez PF, Minnaard Y, Disalvo EA, De Antoni GL. Surface
properties of bifidobacterial strains of human origin. Appl Environ
Microbiol 1998; 64(1): 21-6.

Savage DC. Growth-phase, cellular hydrophobicity, and adhesion
in vitro of lactobacilli colonizing the keratinizing gastric epithelium
in the mouse. Appl Environ Microbiol 1992; 58(6): 1992-5.

Zarate G, De Ambrosini VIM, Chaia AP, Gonzalez SN. Adhesion
of dairy propionibacteria to intestinal epithelial tissue in vitro and
in vivo. J Food Prot 2002; 65(3): 534-9.

Zarate G, De Ambrosini VM, Chaia AP, Gonzalez S. Some factors
affecting the adherence of probiotic Propionibacterium
acidipropionici CRL 1198 to intestinal epithelial cells. Can J
Microbiol 2002; 48(5): 449-57.

Zarate G, Perez Chaia A. Dairy bacteria remove in vitro dietary
lectins with toxic effects on colonic cells. J Appl Microbiol 2009;
106(3): 1050-7.

Coconnier MH, Klaenhammer TR, Kerneis S, Bernet MF, Servin
AL. Protein-mediated adhesion of Lactobacillus acidophilus
Bg2Fo4 on human enterocyte and mucus-secreting cell-lines in
culture. Appl Environ Microbiol 1992; 58(6): 2034-9.

Lehto EM, Salminen S. Adhesion of two Lactobacillus strains, one
Lactococcus and one Propionibacterium strain to cultured human
intestinal Caco-2 cell line. Biosci Microflora 1997; 16(1): 13-7.
Huang Y, Adams MC. An in vitro model for investigating intestinal
adhesion of potential dairy propionibacteria probiotic strains using
cell line C2BBel. Lett Appl Microbiol 2003; 36(4): 213-6.
Moussavi M, Adams MC. An in vitro study on bacterial growth
interactions and intestinal epithelial cell adhesion characteristics of
probiotic combinations. Curr Microbiol 2009.

Lenaerts K, Bouwman FG, Lamers WH, Renes J, Mariman EC.
Comparative proteomic analysis of cell lines and scrapings of the
human intestinal epithelium. BMC Genomics 2007; 8(91): 1-14.
Collado MC, Meriluoto J, Salminen S. Development of new
probiotics by strain combinations: Is it possible to improve the
adhesion to intestinal mucus? J Dairy Sci 2007; 90(6): 2710-6.
Tuomola EM, Ouwehand AC, Salminen SJ. Human ileostomy
glycoproteins as a model for small intestinal mucus to investigate
adhesion of probiotics. Lett Appl Microbiol 1999; 28(3): 159-63.



10 Current Inmunology Reviews, 2012, Vol. 8, No. 3

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Ouwehand AC, Tolkko S, Kulmala J, Salminen S, Salminen E.
Adhesion of inactivated probiotic strains to intestinal mucus. Lett
Appl Microbiol 2000; 31(1): 82-6.

Thiel A, Eikmanns B, Salminen S, Ouwehand AC. In vitro
adhesion of propionibacteria to human intestinal mucus. Ital J Food
Sci 2004; 16(2): 245-53.

Perez-Chaia A, Nader de Macias ME, Oliver G. Propionibacteria in
the gut: effect on some metabolic activities of the host. Lait 1995;
75): 435-45.

Perez-Chaia A, Zarate G. Dairy propionibacteria from milk or
cheese diets remain viable and enhance propionic acid production
in the mouse cecum. Lait 2005; 85): 85-98.

Vesterlund S, Karp M, Salminen S, Ouwehand AC. Staphylococcus
aureus adheres to human intestinal mucus but can be displaced by
certain lactic acid bacteria. Microbiology 2006; 152(6): 1819-26.
Collado MC, Jalonen L, Meriluoto J, Salminen S. Protection
mechanism of probiotic combination against human pathogens: in
vitro adhesion to human intestinal mucus. Asia Pac J Clin Nutr
2006; 15(4): 570-5.

Collado MC, Meriluoto J, Salminen S. Role of commercial
probiotic strains against human pathogen adhesion to intestinal
mucus. Lett Appl Microbiol 2007; 45(4): 454-60.

Myllyluoma E, Ahonen AM, Korpela R, Vapaatalo H, Kankuri E.
Effects of multispecies probiotic combination on Helicobacter
pylori infection in vitro. Clin Vaccine Immunol 2008; 15(9): 1472-
82.

Andresen L, Hansen KA, Jensen H, et al. Propionic acid secreted
from propionibacteria induces NKG2D ligand expression on
human-activated T lymphocytes and cancer cells. J Immunol 2009;
183(2): 897-906.

Kekkonen RA, Kajasto E, Miettinen M, Veckman V, Korpela R,
Julkunen I. Probiotic Leuconostoc mesenteroides ssp cremoris and
Streptococcus  thermophilus induce IL-12 and IFN-gamma
production. World J Gastroenterol 2008; 14(8): 1192-203.

Foligne B, Nutten S, Grangette C, et al. Correlation between in
vitro and in vivo immunomodulatory properties of lactic acid
bacteria. World J Gastroenterol 2007; 13(2): 236-43.

Foligné B, Deutsch SM, Breton J, et al. Promising
immunomodulatory effects of selected strains of dairy
propionibacteria evidenced in vitro and in vivo. Appl Environ
Microbiol 2010; 76(24): 8259-64.

Michel C, Roland N, Lecannu G, et al. Colonic infusion with
Propionibacterium acidipropionici reduces severity of chemically-
induced colitis in rats. Lait 2005; 85(1-2): 99-111.

Uchida M, Mogami O. Milk whey culture with Propionibacterium
freudenreichii ET-3 is effective on the colitis induced by 2,4,6-
trinitrobenzene sulfonic acid in rats. J Pharmacol Sci 2005; 99(4):
329-34.

Alvarez S, Medicini M, Vintini E, Oliver G, De Ruiz Holgado AP,
Perdigon G. Effect of the oral administration of Propionibacterium
acidi-propionici on IgA levels and on the prevention of enteric
infection in mice. Microbiol Alim Nut 1996; 14(3): 237-43.

Okada Y, Hokari R, Kato S, ef al. 1.4-dihydroxy-2-naphthoic acid
(DHNA) shows anti-inflammatory effect on NSAID-induced colitis
in IL-10-knockout mice through suppression of inflammatory cell
infiltration and increased number of Genus Bifidobacterium.
Gastroenterology 2006; 130(4): A313.

Morata de Ambrosini V, Gonzalez S, Perdigon G, De Ruiz
Holgado AP, Oliver G. Immunostimulating activity of cell walls
from lactic acid bacteria and related species. Food Agric Immunol
1998; 10(2): 183-91.

Kirjavainen PV, El-Nezami HS, Salminen SJ, Ahokas JT, Wright
PFA. Effects of orally administered viable Lactobacillus
rhamnosus GG and Propionibacterium freudenreichii subsp
shermanii JS on mouse lymphocyte proliferation. Clin Diagn Lab
Immunol 1999; 6(6): 799-802.

Adams MC, Lean ML, Hitchick NC, Beagley KW. The efficacy of
Propionibacterium jensenii 702 to stimulate a cell-mediated
response to orally administered soluble Mycobacterium
tuberculosis antigens using a mouse model. Lait 2005; 85(1-2): 75-
84.

Adams MC, Huang Y, inventors; Australia. UoNRAL, assignee.
Probiotic Propionibacterium jensenii 702. Patent W0O2004001022-
A1.2003.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Cousin et al.

Adams MC, Huang Y, inventors; University of Newcastle Research
Associates Ltd, assignee. Probiotic Propionibacterium. Patent US
07427397.2008.

Kekkonen RA, Lummela N, Karjalainen H, et al. Probiotic
intervention has strain-specific anti-inflammatory effects in healthy
adults. World J Gastroenterol 2008; 14(13): 2029-36.

Kuitunen M, Kukkonen K, Juntunen-Backman K, et al. Probiotics
prevent IgE-associated allergy until age 5 years in cesarean-
delivered children but not in the total cohort. J Allergy Clin
Immunol 2009; 123(2): 335-41.

Kukkonen K, Savilahti E, Haahtela T, et al. Probiotics and
prebiotic galacto-oligosaccharides in the prevention of allergic
diseases: a randomized, double-blind, placebo-controlled trial. J
Allergy Clin Immunol 2007; 119(1): 192-8.

Kukkonen K, Savilahti E, Haahtela T, ef al. Long-term safety and
impact on infection rates of postnatal probiotic and prebiotic
(synbiotic) treatment: randomized, double-blind, placebo-
controlled trial. Pediatrics 2008; 122(1): 8-12.

Viljanen M, Pohjavuori E, Haahtela T, et al. Induction of
inflammation as a possible mechanism of probiotic effect in atopic
eczema-dermatitis syndrome. J Allergy Clin Immunol 2005;
115(6): 1254-9.

Viljanen M, Kuitunen M, Haahtela T, Juntunen-Backman K,
Korpela R, Savilahti E. Probiotic effects on faecal inflammatory
markers and on faecal IgA in food allergic atopic
eczema/dermatitis syndrome infants. Pediatr Allergy Immunol
2005; 16(1): 65-71.

Pohjavuori E, Viljanen M, Korpela R, et al. Lactobacillus GG
effect in increasing IFN-gamma production in infants with cow's
milk allergy. J Allergy Clin Immunol 2004; 114(1): 131-6.

Lebeer S, Vanderleyden J, De Keersmaecker SCJ. Genes and
molecules of lactobacilli supporting probiotic action. Microbiol
Mol Biol Rev 2008; 72(4): 728-64.

Medina M, Izquierdo E, Ennahar S, Sanz Y. Differential
immunomodulatory properties of Bifidobacterium logum strains:
relevance to probiotic selection and clinical applications. Clin Exp
Immunol 2007; 150(3): 531-8.

Mileti E, Matteoli G, Iliev ID, Rescigno M. Comparison of the
immunomodulatory properties of three probiotic strains of
lactobacilli using complex culture systems: prediction for in vivo
efficacy. PLoS ONE 2009; 4(9): e7056.

Vissers YM, Snel J, Zuurendonk PF, Smit BA, Wichers HJ,
Savelkoul HF. Differential effects of Lactobacillus acidophilus and
Lactobacillus plantarum strains on cytokine induction in human
peripheral blood mononuclear cells. FEMS Immunol Med
Microbiol 2010 Feb 17; 59(1): 60-70.

Sanchez B, Gonzalez-Tejedo C, Ruas-Madiedo P, Urdaci MC,
Margolles A. Lactobacillus plantarum extracellular chitin-binding
protein and its role in the interaction between chitin, Caco-2 cells,
and mucin. Appl Environ Microbiol 2011; 77(3): 1123-6.
Konstantinov SR, Smidt H, De Vos WM, et al. S layer protein A of
Lactobacillus acidophilus NCFM regulates immature dendritic cell
and T cell functions. Proc Natl Acad Sci USA 2008; 105(49):
19474-9.

Deutsch SM, Falentin H, Dols-Lafargue M, LaPointe G, Roy D.
Capsular exopolysaccharide biosynthesis gene of
Propionibacterium fireudenreichii subsp shermanii. Int J Food
Microbiol 2008; 125(3): 252-8.

Deutsch SM, Le Bivic P, Hervé C, et al. Correlation of the capsular
phenotype in Propionibacterium freudenreichii with the level of
expression of g#f, a unique polysaccharide synthase-encoding gene.
Appl Environ Microbiol 2010; 76(9): 2740-6.

Klaenhammer TR, Barrangou R, Buck BL, Azcarate-Peril MA,
Altermann E. Genomic features of lactic acid bacteria effecting
bioprocessing and health. FEMS Microbiol Rev 2005; 29(3): 393-
409.

Hugenholtz J, Hunik J, Santos H, Smid E. Nutraceutical production
by propionibacteria. Lait 2002; 82(1): 103-12.

Bouglé D, Vaghefi-Vaezzadeh N, Roland N, ef al. Influence of
short-chain fatty acids on iron absorption by proximal colon. Scand
J Gastroenterol 2002; 37(9): 1008-11.

Shimotoyodome A, Meguro S, Hase T, Tokimitsu I, Sakata T.
Short chain fatty acids but not lactate or succinate stimulate mucus
release in the rat colon. Comp Biochem Physiol A Mol Integr
Physiol 2000; 125(4): 525-31.



Interactions Between Probiotic Dairy Propionibacteria

[77]

[78]

[79]

[80]

(81]

(82]

Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of cancer
incidence and mortality in Europe in 2008. Eur J Cancer 2010;
46(4): 765-81.

Lan A, Lagadic-Gossmann D, Lemaire C, Brenner C, Jan G. Acidic
extracellular pH shifts colorectal cancer cell death from apoptosis
to necrosis upon exposure to propionate and acetate, major end-
products of the human probiotic propionibacteria. Apoptosis 2007;
12(3): 573-91.

Emenaker NJ, Basson MD. Short chain fatty acids inhibit human
(SW1116) colon cancer cell invasion by reducing urokinase
plasminogen activator activity and stimulating TIMP-1 and TIMP-
2 activities, rather than via MMP modulation. J Surg Res 1998;
76(1): 41-6.

Matthews GM, Howarth GS, Butler RN. Short-chain fatty acid
modulation of apoptosis in the Kato III human gastric carcinoma
cell line. Canc Biol Ther 2007; 6(7): 1051-7.

Ruijschop RMAJ, Boelrijk AEM, Giffel MCT. Satiety effects of a
dairy beverage fermented with propionic acid bacteria. Int Dairy J
2008; 18(9): 945-50.

Uchida M, Tsuboi H, Takahashi A, et al. Safety of high doses of
Propionibacterium freudenreichii ET-3 culture in healthy adult
subjects. Regul Toxicol Pharmacol 2011; 60(2): 262-7.

(83]

(84]

(85]

(86]

(87]

(88]

Current Immunology Reviews, 2012, Vol. 8, No. 3 11

Yokota A, Tamura T, Takeuchi M, Weiss N, Stackebrandt E.
Transfer of Propionibacterium innocuum Pitcher and Collins 1991
to Propioniferax gen. nov., as Propioniferax innocua comb. nov.
Int J Syst Bacteriol 1994; 44(3): 579-82.

Stackebrandt E, Schumann P, Schaal KP, Weiss N.
Propionimicrobium gen. nov., a new genus to accommodate
Propionibacterium lymphophilum (Torrey 1916) Johnson and
Cummins 1972, 1057(AL) as Propionimicrobium Ilymphophilum
comb. nov. Int J Syst Evol Microbiol 2002; 52(6): 1925-7.

Collado MC, Meriluoto J, Salminen S. /n vitro analysis of probiotic
strain combinations to inhibit pathogen adhesion to human
intestinal mucus. Food Res Int 2007; 40(5): 629-36.

Kajander K, Hatakka K, Poussa T, Markkila M, Korpela R. A
probiotic mixture alleviates symptoms in irritable bowel syndrome
patients: a controlled 6-month intervention. Aliment Pharmacol
Ther 2005; 22(5): 387-94.

Kajander K, Korpela R. Clinical studies on alleviating the
symptoms of irritable bowel syndrome with a probiotic
combination. Asia Pac J Clin Nutr 2006; 15(4): 576-80.

Kajander K, Myllyluoma E, Rajilic-Stojanovic M, et al. Clinical
trial: multispecies probiotic supplementation alleviates the
symptoms of irritable bowel syndrome and stabilizes intestinal
microbiota. Aliment Pharmacol Ther 2008; 27(1): 48-57.




