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ABSTRACT

Some strains of Lactobacilli haye been-widely-used as probiotics expecting to improve
certain immune functions in humans and-animals. Probiotics are microorganisms which have
benefits on the health of the host-beyond inhérent general nutrition. The effects of probiotics
can be direct or indirect through medulation of the endegenous flora or of the immune system.
Therefore, the purposes of this study are to understand how Lactobacillus strains alter enteric
bacterial flor aand the immunomodulating capacity, and improve gastrointestinal infectious or
immune diseases. First, the investigation showed that long-term consumption of L. rhamnosus
T cell-1 decreased the incidence of bacterial infection; a multi-species probiotic reduced
gastrointestinal disease significantly; and L. casei rhamnosus can widespread control
including bacterial, viral and respiratory infections. Therefore, L. casei rhamnosus has been
intensively studied and thought to be a useful species in clinical and nutritional fields. To

determine the antimicrobial activity of Lactobacillus strains when coclutured with various

I



ratio of three kind of pathogens. The results indicated that Lcr promoted the greatest

antimicrobial activities and there were no significant differences on the size of the inhibition

halos in Lcr cocultured with different pathogens or Lcr cultured alone. Thus, pathogens

cannot stimulate the antimicrobial capacities of the Lcr strains. The antimicrobial capacities of

Lcr are non pathogenesis-inducible. Finally, probiotic L. casei rhamnosus produced

heat-stable molecules (MW range 5-30 kDa) that promoted immune cell apoptosis without

affecting intestinal epithelial cells. LcrSs_3 triggered apoptosis by a mitochondrial pathway,

but not via TGF-f signaling pathway. LcrSs_3g also inhibited LPS-induced inflammatory

cytokines by immune cells. Thus, &CFSs.3o promotes@apoptoesis of immune cells, and suggests

probiotics-based regimens for prevention of inflammatory bowel disease.
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OVERVIEW

Probiotics have been defined as viable microorganisms that have beneficial effects in the

prevention and treatment of specific pathologic conditions (Havenaar et al., 1992). The

rationale of probiotic benefits is normalizing unbalanced indigenous microflora by

administration specific xeno-probiotic strains to gastrointestine. Many microorganisms have

been used or considered as probiotics, they are strains of lactic acid bacteria (e.g.,

Lactobacillus, Bifidobacterium and Streptococeus) and nonpathogenic yeast, Saccharomyces

boulardii. S. thermophilus and L. bulgaricus, génerally used in the dairy food industry, were

among the first to be studied. Other strains that have been commonly used are B. bifidum, B.

longum, Enterococcus faecium, S. boulardii, L. acidophilus, I. casei, L. rhamnosus and

Lactobacillus GG. Among them, Lactobacillusasthe most popular genus. The probiotic

preparation may contain one species/strain to various combinations of different

microorganisms’ strains. Both viable and biologically active microorganisms are required at

the target site in the host, it is essential that the probiotic be able to withstand the host’s

natural barriers against ingested bacteria. Probiotics have been studied in the treatment and

prevention of various allergic symptoms and of inflammatory bowel disease. The character

and effectors of probiotics would be described in this dissertation.



1. Gut immune system and the intestinal microflora

Innate immune recognition and host defense within the intestinal mucosa represent a
very complex issue. The presence of the dense and highly dynamic microbial flora
requires mechanisms of discrimination between infection with potentially harmful
microbes and commensal colonization. Inappropriate responses may lead to inflammation,
tissue destruction and organ dysfunction. However, lack of innate immune recognition and
the failure to mount efficient host responses may lead to overgrowth of commensal
bacteria, breakage of the epith¢hial barrief and invasive€nteropathogen infection
(Kobayashi et al., 2005; Viala et al., 2004). Thus, innate immune recognition within the
intestinal tract needs to be restricted to potentially-dangerous microbial pathogens, and
antimicrobial effectors mechanisms require-a d€licate balance to maintain the
host-microbe homeostasis. A better understanding of the processes and factors involved in
mucosal pathogen-associated molecular pattern-recognition receptors (PRR) detection
may help to explain the lifelong host-microbe homeostasis in the healthy individual, but

also the pathogenesis of prevalent human intestinal diseases.

1.1 The intestinal microflora influences gut immune system

The intestinal lumen is colonized by a large and very dynamic microbial flora. The



number and composition changes considerably within the gastrointestinal tract with
moderate numbers but complex bacterial communities in the oral cavity, low to very low
numbers in the esophagus, stomach and duodenum and increasing amounts of mostly
Gram-positive bacteria along the jejunum and ileum (10*~10"/g content). The ileocaecal
valve represents an important physical barrier to the caeccum and colon which are heavily
colonized by a highly diverse and mostly anaerobic Gram-negative flora reaching a
density of 10" bacteria/ml and exerting a strong fermenting activity. The diversity of
species encompasses around 400 different bacteria (Simon and Gorbach, 1984). Within
these, 30—40 different bacterial'species make up for 99%.of the total population of the
intestine (Guarner 2006). The predominant bacteria are Bifidobacterium spp.,
Eubacterium spp., Clostridium spp:, Lactobacillus spp:,and Bacteroides spp., and only
relatively low numbers (<1%) of the Enterococcus spp. or members of

Enterobacteriaceae are found.

The development of the adaptive gut immune system is also deeply influenced by the
intestinal microflora. Germfree mice show lower levels of immune cells and soluble
immunoglobulins in the intestinal tissue. This situation is rapidly reversed after microbial
colonization with lymphocyte expansion, reappearance of germinal centers and rise of

immunoglobulin levels (Butler et al., 2000; Fagarasan et al., 2002). The microflora also



contributes to oral tolerance to food antigens. Conventional mice but not monocolonized or

germ-free mice were able to efficiently obtain tolerance after oral application of the food

antigen ovalbumin (Moreau and Corthier, 1988; Rask et al., 2005). Although germfree

mice have helped to investigate the role of commensal bacteria in intestinal physiology, it

should be noted that microbial ligands, the structures recognized by the innate immune

system, can also be found in significant concentrations in the gut of germ-free mice

ingested by the sterile, but not ligand-free nutrients.

1.2 Innate immune recognition. and intestinal homeostasis

The innate immune system harbors a high degree of specificity to distinguish

between self and the presence of microbial organisms (Barton and Medzhitov, 2000).

Specific microbial structures so-called pathogen-associated molecular patterns (PAMPs)

are recognized by a variety of pattern-recognition receptors (PRRs) (Janeway et al., 2002;

Gordon, 2002). However, it is important to note that the recognized microbial structures of

any of the discovered receptors is not restricted to pathogens but also found in many if not

all commensal microorganisms. PRRs, such as mannan-binding lectin (MBL), C-reactive

protein (CRP), or serum amyloid protein (SAP), may be secreted in the extracellular fluid.

Other PRRs are expressed intracellularly such as members of the family of nucleotide

oligomerization domain (NOD)-like receptors like for example NOD1, NOD2, and Nalp3



and also PKR, or the helicases MDA-5 and Rigl. Finally, some PRRs, e.g. members of the

family of Toll-like receptors (TLRs), are expressed at the cell surface or monitor

endosomal compartments (Medzhitov and Janeway, 1997). Functional PRRs are present

within the mucosal surface of the intestinal tract. NOD1 and NOD2 have been shown to

be expressed by epithelial cells and to contribute to intestinal homeostasis and host

defense (Kobayashi et al., 2005; Maeda et al., 2005).

The identification of the first IBD gene; CARD15, codes for the NOD2 protein

(Hugot et al., 2001; Ogura et,al:,2001). The cytoplasmatic protein NOD2 recognizes

bacterial cell-wall products, in particular peptidoglycans, and influences the activation of

NF-kB. In the present studies, mice expressing-the homologue mutation within Nod2

exhibit a hyperinflammatory phenotype (Maeda et al., 2005). Also, mice lacking 7/r4

expression showed a more severe disease in the DSS model of colitis (Rakoff-Nahoum et

al., 2004). Thus, excess or absent PRR activation within the intestinal mucosal tissue may

significantly contribute to organ dysfunction and gastrointestinal disease. In addition,

NOD?2 signaling seem to interacts with the signaling of toll-like receptors (TLRs) and that

this may be one way how deficient action would actually lead to more inflammation

(Watanabe et al., 2004). Furthermore, NOD2 seems to be involved in regulation of the

production of endogenous antibacterial peptides such as defensins and proapoptotic



signaling cascades (Wehkamp et al., 2004).

2. Antimicrobial effects of host and probiotics in the intestinal tract

2.1 Antimicrobial effects in the intestinal tract

The mucosal surface is coated by a mucus layer produced by goblet cells and
epitheial cells. Two pathways exist by which mucins are secreted into the intestinal lumen
(Forstner 1995). The first results in a constitutive secretion process by mucin exocytosis,
also named baseline production. The other pathway comprises packaging and storage of
mucins in large secretory vesicles released following stimulation by neuroendocrine
mediators or inflammatory mediators. The functional importance of the mucus layer in
production of the epithelial lining was demonstrated by studies showing that mucin
2-deficient mice spontaneously develop colonic mucosal inflammation and show
enhanced tumorigenesis (Van der Sluis et al., 2006; Velcich et al., 2002). Also, enhanced
numbers of bacteria closely attached to the mucus were described in patients with IBD
indicating reduced barrier function of the mucus layer in these patients (Schultsz et al.,
1999). Mucin upregulation was detected after infection with enteropathgenic bacteria
such as Salmonella, Yersinia, or Shigella (Mantle et al., 1989; Nutten et al., 2002).

Interestingly, bacteria of the intestinal microflora, Lactobacillus plantarum, have been



reported to increase mucin production in epithelial cells (Mack et al., 2003).

Another important barrier is provided by the various antimicrobial peptides (e.g.

a-defensins, cryptdin-related sequence peptides, lysozyme and phospholipase A2)

produced by crypt Paneth cells in the intestinal tract (Bevins 2006; Hornef et al., 2004).

Nizet et al. (2001) and Piitsep et al. (2002) have shown that antimicrobial peptides were

involved in the control of the physiological microbial flora and mucosal homeostasis.

Interestingly, reduced numbers of Paneth.cells and a decrease in a-defensin production

were noted in Crohn disease patients (Wehkamp et al.;2005).

2.2 Probiotics’ antimicrobial effects in host intestinal tract

At least 2 mechanisms of probioti¢raction have been identified to mediate

maintenance of the gastrointestinal microbial balance: production of antibacterial

substances and competitive inhibition of pathogen and toxin adherence to the intestinal

epithelium. In fact, both predominance of potentially harmful bacteria and a decrease of

beneficial bacterial species such as Lactobacillus and Bifidobacterium have been

identified in intestinal microbiota in patients with gastrointestinal diseases (Conte et al.,

2006; Mylonaki et al., 2005; Ott et al., 2004), thus suggesting that manipulation of

intestinal bacteria may provide an alternative therapy for gastrointestinal diseases



prevention and treatment.

Probiotics exert direct antibacterial effects on pathogens through production of

antibacterial substances (Cotter et al., 2005; Servin, 2004). Probiotic bacteria, especially

strains of Lactobacilli, produce acetic, lactic, and propionic acid that lower the local pH

leading to inhibit growth of a wide range of Gram-negative pathogenic bacteria. Studies

indicate that these probiotic-derived antibacterial substances exert their effects alone or

synergistically to inhibit the growth of pathogens. Some Lactobacillus strains inhibit the

growth of Salmonella enterica'solely by the production of lactic acid (Makras et al.,

2006). However, antibacterial effects of other strains of Lactobacilli may be the result of

a combination of lactic acid‘and other‘'unknown Lactobacillus-derived bactericidal

substances by pH-dependent mechanistn(s)(Makras et al., 2006).

On the other hand, competitive inhibition of probiotics in the gastrointestinal tract

decreases adhesion of both pathogens and their toxins to the intestinal epithelium. Several

strains of Lactobacilli and Bifidobacteria are able to compete with pathogenic bacteria,

including Bacteroides vulgatus, Clostridium histolyticum, C. difficile, Enterobacter

aerogenes, Listeria monocytogenes, Staphylococcus aureus (Collado et al., 2007),

Salmonella enterica, Yersinia enterocolitica (Candela et al., 2005), enterotoxigenic E.



coli (Roselli et al., 2006), and enteropathogenic E. coli (Sherman et al., 2005) for

intestinal epithelial cell binding, and they can displace pathogenic bacteria even if the

pathogens have attached to intestinal epithelial cells prior to probiotic treatment.

However, specific probiotics or probiotic combinations should be selected based on their

ability to inhibit or displace a specific pathogen. Since 1 of the mechanisms underlying

pathogenic bacteria binding to intestinal epithelial cells is through the interaction between

bacterial lectins and carbohydrate moieties of glycoconjugate receptor molecules on the

cell surface, studies have addressed whetherprobiotics can block pathogen binding to

these receptors. Studies regarding proteinase tréatment’and carbohydrate competition

have confirmed that probiotic binding to intestinal epithelial cells is mediated by

lectin-like adhesion and prot€inaceous cell surface components (Mukai et al., 2004; Sun

et al., 2007; Tallon et al., 2007). For'example;mannose and GalB1-3GalNAc-specific

adhesions are required for binding of Lactobacilli and Bifibobacteria to attach to

intestinal epithelial cells and mucus. Thus, probiotic inhibition of pathogen adherence to

intestinal cells is mediated in part by competition for lectin binding sites on

glycoconjugate receptors on the cell surface. Blockade of bacterial enterotoxin binding

has also been demonstrated as a mechanism with therapeutic potential. The virulence

factor of enterotoxigenic E. coli strains is a heatlabile enterotoxin that induces traveler’s

diarrhea by binding to ganglioside GM1 on the surface of intestinal epithelial cells. By



using a toxin-receptor blockade strategy, an engineered probiotic bacterium was
generated to express glycosyltransferase genes from Neisseria meningitides or
Campylobacter jejuni in a nonpathogenic E. coli strain (CWG308). The recombinant E.
coli-produced chimeric lipopolysaccharide neutralized heat-labile enterotoxin and cholera
toxin in vitro, prevented enterotoxin-induced fluid secretion in ligated rabbit ileal loops in
vivo (Paton et al., 2005), and reduced mortality by virulent V. cholerae infection in infant

mice (Focarta et al., 2006).

3. Anti-inflammatory effects of_host@ndprobiatics in the intestinal tract

3.1 Anti-inflammatory effects in.gutiimmune system
The intestinal epithelium might indeed-able to sense the presence of microbial

immunostimulatory molecules but rely on life-long negative regulatory mechanisms to
prevent inappropriate immune activation and tissue inflammation. In recent years a large
number of negative regulators of the Toll-like receptor (TLR) signaling pathway have
been described. They comprise the regulation of receptor and co-receptor expression, the
presence of competitive receptor antagonists, and regulatory molecules along the
downstream signaling pathway, as well as the post-transcriptional down-regulation of
essential intermediates within the signaling cascades (Liew et al., 2005). Importantly,

10



inhibitory circuits usually affect several TLRs simultaneously due to the redundant

function of many signaling molecules downstream of TLRs (Sato et al., 2000).

Down-regulation of the TLR4 molecule has been noted early in response to

lipopolysaccharide (LPS) stimulation (Nomura et al., 2000; Hornef et al., 2002). The

finding that epithelial TLR4 expression in increased in patients suffering from IBD may

indicate enhanced ligand susceptibility (Cario and Podolsky, 2000; Kalis et al., 2003).

Also, transmembrane TLR antagonists have been characterized. One example is ST2 that

seems to inhibit TLR signaling via interaction with the adaptor molecules MyD88 or

MAL. Cytokine secretion in ST2- deficiént macrophages is significantly increased and

ST2-deficient mice fail to develop LPS tolerance in sepsis model (Brint et al., 2004).

3.2 Anti-inflammatory effects of normal flora

Recent studies have revealed surprising results indicating a much closer interaction

between the microflora and the intestinal epithelium as previously recognized (Hooper et

al., 1999). Although immunostimulatory structures recognized by the innate immune

system are generally produced by both, commensal and pathogenic bacteria, the synthesis

of low stimulatory hypoacylated LPS isolated from a prominent gut commensal

Bacteroides fragilis might contribute to homeostasis (Weintraub et al., 1989). The

commensal bacterium Bacteroides thetaiotaomicron enhances the nuclear export of the

11



NF-xB subunit p65/RelA by peroxisome proliferative-activated receptor (PPAR)-y in

intestinal epithelial cells (Kelly et al., 2004), limiting NF-xB activation. Indeed,

co-culture experiments indicate that B. thetaiotaomicron attenuates pro-inflammatory

responses mediated by the pathogen Salmonella Enteritidis. Interestingly, ulcerative

colitis patients show reduced levels of PPAR-y expression in colonic epithelial cells, a

possible explanation for the enhanced inflammation seen in these patients (Dubuquoy et

al., 2003). Strikingly, non-virulent Sa/monella enterica Pullorum was noted to block

IxB-a degradation and thereby exert an.anti-inflammatory effect on intestinal epithelial

cells (Neish et al., 2000). Similarmechanisms may underlie the effects observed using

probiotic bacteria, which beneficially affect the host by improving its intestinal microbial

balance (Menard and Heyman, 2005).

3.3 Probiotics applied in inflammatory disease

Inflammatory bowel disease refers to disorders of unknown cause that are

characterized by chronic or recurrent intestinal inflammation. Such disorders include

ulcerative colitis, Crohn disease, and pouchitis. The mechanisms responsible for

initiation and perpetuation of the inflammatory process remains unknown, but the main

theory is that IBD may result from abnormal host responses to some members of the

intestinal flora or from a defective mucosal barrier. Treatment may be difficult and there

12



is a need for new treatments to decrease the occurrence of symptoms and to prevent

recurrence.

Several studies showed interesting effects of probiotics on IBD in animals.

Intracolonic administration of L. reuteri R2LC to rats with acetic acid-induced colitis

significantly decreased the disease, whereas Lactobacillus HLC was ineffective (Fabia et

al., 1993). Administration of L. reuteri R2LC and L. plantarum DSM 9843 to rats with

methotrexate-induced enterocolitis was asseciated with low intestinal permeability,

bacterial translocation, and plasma endotoxin concentrations compared with rats with

enterocolitis and no treatment (Mao et al., 1996).

A few studies were also performedin-patients. In an open study, a 10-day

administration of L. rhamnosus GG to 14 children with active or inactive Crohn disease

resulted in an increase in immunoglobulin A-secreting cells to B-lactoglobulin and casein,

which indicates an interaction between the probiotic and the local immune system

(Malin et al., 1996). The lactobacilli did not influence the disease activity, however,

because the study group was too small and the study was too short to assess accurately a

clinical effect. Plein and Hotz (1993) performed a pilot, double-blind, controlled study of

the efficacy of S. boulardii on symptoms of Crohn disease were randomly assigned to

13



receive either S. boulardii or a placebo for 7 wk in addition to the standard treatment. A

significant reduction in the frequency of bowel movements and in disease activity was

observed in the group receiving S. boulardii but not in the placebo group.

The impact on the severity of lesions was also evaluated. A combination of three

Bifidobacterium species, four Lactobacillus species and S. salivarius ssp. Thermophilus

(VSL#3, VSL Pharmaceuticals) has been evaluated in a single-blind study for the

prevention of recurrent inflammation after,surgery (Gionchetti et al., 2003). The patients

either received a nonabsorbable antibiotic (rifaximin) for 3 months followed by 9 months

intake of the probiotic or ni¢salazine for 12 months. After’] year there was a significantly

lower rate of severe endoscopicirecurrence in patients tt€ated with the antibiotic and

probiotic combination. Patients with'active colonic Crohn disease were treated with

prednisolone on a standard schedule and were also randomized to receive E. coli (Nissle

1917) or placebo for 1 year (Malchow 1997). Patients in the two f groups had similar

rates of remission but patients treated with prednisolone and E. coli had fewer relapses

than patients in the placebo group. The difference was not statistically significant.

The literature on the role of probiotics in the treatment of inflammatory disease is

still regarded as limited and only a few probiotic strains were shown to be efficacious in

14



randomized placebo-controlled clinical trials. Also, the precise mechanism by which

probiotic induces remission and prevents relapse remain unknown. Future studies are

needed on the effect of probiotics in maintenance of remission and understanding the

molecular mechanism.
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Different effects of probietic species./strains on infections in

preschool children: adouble-blind; randomized, controlled study
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ABSTRACT

Treatment and prevention of pediatric infectious diseases of three commercial probiotic
products were evaluated by a double-blind, randomized, controlled trial. Test subjects under
age 5, 1062 in total, were distributed randomly into four groups. This investigation showed
that L. casei rhamnosus can control bacterial, viral and respiratory infections; a multi-species
probiotic reduced gastrointestinal disease significantly. Long-term consumption of L.

rhamnosus T cell-1 decreased the incidence of bacterial infection.

Keywords: probiotics; preschooler; infections.
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INTRODUCTION

Infectious diseases are the most significant illnesses for children under age 5, particularly
for those attending preschool (Kvaerner et al., 2000). Poor hygiene facilities present risks for
respiratory and gastrointestinal tract infectious pathogens (Nafstad et al., 1999; Pickering et
al., 1986). Viral pathogens, such as respiratory syncytial virus (Law et al., 2004), human
metapneumovirus (Van den Hoogen et al., 2004), influenza A virus (Wolf et al., 2006),
parainfluenza viruses, and rhinoviruses are considered the major viruses that can cause
respiratory tract diseases in children (Wolf et al., 2006); furthermore, rotaviruses (Medici et
al., 2004), adenoviruses (Van et al., 1992), and astroviruses (Basu et al., 2003) are viral
pathogens that cause gastrointestinal diseases tn children. Important infectious bacteria that
have been implicated in day care-associated respiratory.and gastrointestinal disorders are
Streptococcus pneumoniae (Malfroot et al., 2004); Shigella, Salmonella, Escherichia coli
(Binsztein et al., 1999), and Aeromonas (Binsziein.etal., 1999; Soltan Dallal and

Moezardalan, 2004).

Effective remedies have been intensively investigated to reduce pediatric infectious
diseases which cause illness, debility, and in extreme cases, loss of life. Managerial methods
(Strachan, 1989; Brady, 2005) and probiotic supplementation are currently employed to

reduce the incidences of infectious disease (Rosenfeldt et al., 2002; Hatakka et al., 2001).

It has been proven that children with mild diarrhea who consumed the combination of L.
rhamnosus and L. reuteri experienced a reduction in the duration of the diarrhea (Rosenfeldt
et al., 2002). A study of 6- and 36-month old children afflicted with rotavirus gastroenteritis

showed that L. reuteri significantly shortened the duration of diarrhea (Shornikova et al.,
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1997). L. rhamnosus and L. acidophilus significantly attenuated the neutrophil infiltration and
lipid peroxidation during Shigella dysenteriae 1-induced diarrhea in rats (Moorthy et al.,
2007). In addition, it was shown with the use of newborn rabbits as an experimental infection
model that preventive administration of L. casei may, due to acceleration of a specific
humoral immune response, lead to enhanced resistance to acute E. coli infection (Ogawa et al.,
2001). These studies illustrated the various effects of different Lactobacillus strains on
gastrointestinal infections. It has been observed that several strains of probiotics have positive
influences on non-specific stimulation of the host’s immunity, although the molecular
mechanism has not been elucidated (Trushina et al., 2006; Christensen et al., 2006; Kim et al.,
2006). Many probiotics are capable of preventing respiratory infections and reducing their
severity (de Vrese et al., 2006). Also, itawas- reported.that mitigation or prevention of pediatric
infectious disease occurred when«children-in day care centers ingested Lactobacillus (Hatakka

etal., 2001).

The efficacy of commercial probiotics has been breught under scrutiny, with doubt
remaining that all of them possess sufficient potency necessary for adequate gastrointestinal
colonization. Further evidence is required to demonstrate that strain-specific probiotics can
prevent various diseases. The proper selection among mono-strain, multi-strain, or
multi-species probiotics is critical for efficacy in clinical trials (Timmerman et al., 2004).
Previous investigations involving the function and efficacy of probiotics on the prevention of
pediatric infectious diseases were focused only on evaluating a single probiotic. So, the aim of
this double blind, randomized, controlled study was to compare the efficacy of three different
commercial probiotics — Lactobacillus casei rhamnosus, Lactobacillus rhamnosus T cell-1
and a multiple probiotic — during short- and long-term intervention. The parameters examined

in this investigation were the effect of different probiotics on the incidences of bacterial and
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viral infectious diseases, and more specifically, gastrointestinal and respiratory infections in
preschooler. We report here that various commercial probiotics have dissimilar effects on
different infectious diseases. The L. casei rhamnosus probiotic reduced respiratory infections,

but multispecies probiotic supplementation significantly reduced gastrointestinal disease.
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METHODS

Study design and ethics

This was a double-blind, randomized, controlled study, with four parallel arms, and
consent letters were signed by well-informed parents. This study was approved by the
Committees of the Protection of Human Subjects Institutional Review Board of Tzu-Chi

University and Hospital, Hualien, Taiwan.

Participants

One thousand and sixty-two children were recruited and 76 children who did not remain
in the study during the follow-up.period-were excluded.from the investigation. Among the
986 children who completed the'study, 193 were in the contral group, 285 were in the L. casei
rhamnosus group, 222 were in the L. rhamnosus T cell-1 group, and 286 were in the multiple
probiotic group (Fig 1). The characteristics-of each-study:-group are given in Table 1. No
significant differences were observed in age, male/female ratio, duration of breast-feeding,
smoking in the household, family income, house area, and history of allergy. This study
excluded children who previously had complicated intestinal operations or
immunosuppressive therapy, or those who suffered ill effects due to complex congenital heart

disease, or low immune function syndromes.

Test preparations, blinding, and randomization

The intervention lasted 7 months, from October 20, 2003 to May 31, 2004. We regarded

each class as a unit, and implemented a double-blind assignment of L. casei rhamnosus
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sachets, L. rhamnosus T cell-1 capsules, and multiple probiotic capsules to the children. The

subjects were randomly assigned to one of four groups:

1. The L. casei rhamnosus group: Instructions for consumption: 2 sachets (3 g) of L. casei
rhamnosus per day, 5 days a week;

2. The L. rhamnosus T cell-1 group: Instructions for consumption: 3 capsules (1.14 g) of L.
rhamnosus T cell-1 per day, 5 days a week;

3. The multiple probiotic group: Instructions for consumption: 5 capsules (5 g) of a mix of
12 beneficial bacterial strains per day, 5 days a week;

4. The control group: No probiotic supplementation; no dietary inclusion criteria.

One L. casei rhamnosus sachet contained 1'x 10% cfu Locasei rhamnosus/g
(Antibiophilus® Laboratoires Lyocentre Ltd, Aurillac; France),-one L. rhamnosus T cell-1
capsule contained 1 x 10™ cfu L% rhamnosus T cell-1/g (T Cell-1 Probiotics, Chang Gung
Biotechnology Corp, Taipei, Taiwan), and a multiple prebietic capsule contained 12 types of
beneficial bacterial strains for the large and'small intestines, including 7 different species of
Lactobacilli (Neoangelac® 12A Lactobacilli, Multipower Enterprise Corp, Taipei, Taiwan).
One capsule of the Neoangelac 12A Lactobacilli series contained 3 types of Bifidobacteria
(2.4x10° cfu B. bifidum, 2.4x10° cfu B. infantis, 2.4x10° cfu B. longum); 7 types of
Lactobacilli (2x10° cfu L. casei, 1.2x10° cfu L. salivarius, 1.6x10° cfu L. brevis, 2x10° cfu L.
plantarum, 1.2x10° cfu L. acidophilus, 8x10° cfu L. helveticus, 2x10° cfu L. rhamnosus); 1
type of Streptococcus (1x10° cfu S. thermophilus) and 1 type of Enterococcus (1x10° cfu E.

faecium). Dietary restrictions were not applied during the intervention periods.

Intervention
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Nine hundred eighty-six participants were observed between January 1, 2001 and May
31, 2004. The baseline period was when these children attended day care centers from
January 1, 2001 to December 31, 2002. Then, the intervention period lasted 7 months from
October 20, 2003 to May 31, 2004. The short-term intervention period and the long-term
intervention period were defined as interventions that lasted 3 months and 7 months,
respectively, each beginning from October 20, 2003. The volunteers took the probiotic
products, following the instructions on the package label. The investigated parameters were
incidences of all pediatric diseases, bacterial infections, viral infections, gastrointestinal
infections, and respiratory infections. Incidence frequency and episodes per person per month
were described as the number of infection episodes relative to the corresponding population
experience, and excluded routine immunizatton-and other scheduled visits that were not
related to infections. Infectious episode-information during January 1, 2001 to May 31, 2004

was collected from the Bureau of National Health-Insurance, Taiwan.

Assessment of infectious disease

Average incidence densities of 167 types of diseases were estimated for each probiotic
group. The pediatric diseases were defined as gastrointestinal disease, respiratory disease,
atopic disease, and dermatologic disease. Bacterial infections were lymphadenitis, acute otitis
media, pneumonia, sinusitis, urinary tract infection, meningitis, and bacterial gastroenteritis,
etc. Viral infections were influenza, acute pharyngotonsillitis, acute laryngitis, croup,
enterovirus infection, acute bronchitis, acute bronchiolitis, encephalitis, and viral
gastroenteritis, etc. Respiratory infection included 28 categories such as the common cold,
acute upper respiratory infections, acute bronchitis, acute bronchiolitis, acute sinusitis, acute
pharyngitis, acute tonsillitis, acute laryngitis, acute epiglottitis and influenza, et al.;

gastrointestinal infections included viruses and bacteria associated with diarrhea and vomiting;
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abdominal pain included 23 categories and non-infectious gastrointestinal disease;

constipation included 22 categories, for a total of 50 classes.

Statistical analysis

Descriptive statistics, including the mean and standard error of the mean (S.E.M.), were
determined for each of the four groups. Analysis of variance (ANOVA) was applied to all
pediatric diseases, bacterial infections, viral infections, gastrointestinal infections, and
respiratory infections that existed among the probiotic-treated groups and the control group
during the same period and among the different periods in the same group. If a significant
difference was present, the least significant difference (LSD) multiple comparison tests were
used to identify specific significant groups. All-statistical analyses were performed by using
The Statistical Software Package €or-the-Social Sciences, version 12.0.1 for Windows (SPSS

Inc., Chicago, IL). A P value of.< 0:05 was considered statistically significant for all analyses.
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RESULTS

Effect of probiotic treatment on incidence of all pediatric disease

Preschoolers' incidences of all pediatric diseases increased after entering the day care
center in every group compared with the baseline period (P>0.05, Figure 2). Preschoolers
who received probiotic treatment experienced a decline in physician visits, although this was
statistically insignificant between the groups during the intervention period (P>0.05, Figure

2).

Effect of probiotics on bacterial infectious disease

The incidence of bacterial infectious-disease-in preschoolers of every group increased
significantly after entering the day care center.compared to the baseline period (P<0.05,
Figure 3). Preschoolers who received a single strain probiotic'during the long-term
intervention experienced a significantimprevement-inrecovery from any bacterial infectious
disease. The incidence of bacterial infection diagnosed by doctors in the L. casei rhamnosus
group was fewer (mean difference, -0.15 times/month; Clgs, -0.27 to -0.03; P=0.021, Figure 3)
as compared to the control group. The analysis of the L. rhamnosus T cell-1 group showed a
significant decrease in those with a doctor-diagnosed bacterial infection as compared to the
control group (-0.16; Clgs, -0.30 to -0.03; P=0.020, Figure 3). No significant differences in the
incidence of doctor-diagnosed bacterial infection were observed in the multiple probiotic and

control groups (P>0.05, Figure 3).

Effect of probiotics treatment on viral infectious disease
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Incidences of viral infectious diseases in preschoolers increased after entering the day
care center in every group as compared to the baseline period (P<0.05, Figure 4). The
preschoolers receiving the L. casei rhamnosus treatment had 0.30 times lower odds of
doctor-diagnosed viral infection than the control group during short-term intervention (-0.16;
Clgs, -0.54 to -0.06; P=0.015, Figure 4). No significant difference was observed in the L.

rhamnosus T cell-1 and the multiple probiotic groups (P>0.05, Figure 4).

Effect of probiotic treatment on gastrointestinal disease

There was no difference in the incidence of gastrointestinal infectious disease after
preschoolers entered the day care center in,the control group compared with the baseline
period (P<0.05, Figure 5). However;preschoolers inthe.multiple probiotic group experienced
a significant reduction in gastrointestinal-infection both-during. the short-term (-0.045; Clgs,
-0.040 to -0.040; P=0.007) and'the long-term«(-0.049; Clgs, -0:037 to -0.061; P=0.004)
intervention. Single strain probiotic (L..casel rhamnosus and-L. rhamnosus T cell-1,
respectively) administration showed an‘insignificant ability to prevent disease when compared
to the control group (P>0.05, Figure 5). However, the mean incidence of gastrointestinal
disease significantly decreased in the group that participated in the short-term consumption of
L. casei rhamnosus as compared to the group that consumed L. casei rhamnosus before
entering preschool (-0.034; Clgs, -0.041 to -0.026; P=0.031 and -0.040; Clgs, -0.046 to -0.034;

P=0.011, Figure 5).

Effect of probiotics on respiratory disease

The incidence of respiratory infectious disease in preschoolers increased after entering

the day care center in every group as compared to the baseline period (P<0.05, Figure 6).
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There was a significant difference in doctor-diagnosed respiratory infection between the L.
casei rhamnosus and the control group, and there was also a significant reduction in both the
short-term(-0.352; Clgs, -0.243 to -0.460; P<0.000) and the long-term(-0.309; Clgs, -0.200 to

-0.418; P<0.000) intervention groups (Figure 6).
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DISCUSSION

Many studies have highlighted the benefits of probiotic bacteria for infectious disease
prevention. However, the efficacy of many commercial probiotics is suspect, due to
insufficient growth of various strains in the human intestinal tract, and hardly any probiotic
manufacturers have solid evidence to match their claims. But Lactobacillus spp. have earned
the most attention and have been investigated intensively, as this bacterial genus is among the
few that confer many positive rewards to the test subjects. Three Lactobacillus spp., L. casei
rhamnosus, L. rhamnosus T cell-1, and the Neoangelac 12A lactobacilli multipower are major
components of probiotic formulae and are very popular in the probiotic market of Taiwan. In
the interest of the good health of presehoaolers and-theawelfare of society, the pediatric benefits

of these probiotics were further investigated in this study.

The incidence of all pediatric disease increased.after entering day care centers in every
group. These observations support the belief that attendance at day care centers increases the
risk of infections (Kvaerner et al., 2000; Nafstad et al., 1999). An interesting result was that
probiotic supplementation tended to diminish the number of physician visits, especially in
reducing the number of children who had a high incidence of physician visits, and
concomitantly increased the number of children who had no physician visits during the

intervention period (data not shown).

Gastrointestinal infections in preschool can be attributed to different factors, such as the
transmission of enteropathogens by fomites, or ingestion of contaminated food or drink.
Diligent hygiene was practiced by the preschoolers’ families, and at all the day care centers.

Furthermore, the gastrointestinal disease analysis suggested that preschool attendance did not
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lead to an increased risk of infections. Meanwhile, this study clearly showed the effectiveness
of the multiple probiotics in preventing gastrointestinal disease in preschoolers. Reductions of
42% and 44% were found in gastrointestinal disease in the short- and long-term intervention
periods, respectively, of the multiple probiotics group. In the L. casei rhamnosus group, there
was a decreased frequency of gastrointestinal disease in preschoolers, although statistically
insignificant when compared to the control group. The children who received the single strain
L. rhamnosus T cell-1 supplementation did not exhibit any statistically significant difference

as compared to the control group.

The variety of commensal bacteria is essential to the development of gut mucosal
immunity (Strachan, 1989; Noverr and Huffnagle, 2005). Previous research has shown that a
combination of probiotic bacteria«can stimulate the mucosalimmune system, with similar
conclusions being made from animal studies, and mixtures of.gut microbial species can more
efficiently stimulate the immune system than-a single strain (Lanning et al., 2000; Kelly et al.,
2005). Other reports that are in agreement with our results are the findings that the
combination of Lactobacillus rhamnosus and L. acidophilus offered better protection
compared to a single strain of Lactobacilli during a Shigella infection (Shornikova et al.,
1997); and probiotic products containing one strain of Lactobacillus had less positive effects
on gastrointestinal diseases because of a decreased ability to successfully colonize the

gastrointestinal tract (Famularo et al., 1999).

This investigation clearly showed that single strain probiotic supplementation
significantly reduced the incidence of bacterial infections by an average of 1.8 times for L.
casei rhamnosus, and 1.92 times for L. rhamnosus T cell-1 during the experimental period.

Some of the mechanisms that probiotics use to promote health include the synthesis of
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anti-microbial substances (Sillva et al., 1987), reduction of the nutrients available for bacterial
pathogens (Wilson and Perini, 1988), inhibition of adhesion and invasion of pathogens
(Bernet et al., 1994), modification of toxin receptors (Pothoulakis et al., 1993), and
stimulation of immune responses (Trushina et al., 2006; Christensen et al., 2006; Kim et al.,
2006; Kaila et al., 1992). However, the multiple probiotic supplement had no significant effect
on preventing bacterial infections. This might be attributed to antagonism among the different

strains of probiotics in the multi-strain supplement (Timmerman et al., 2004).

Consumption of L. casei rhamnosus reduced viral infectious disease by 18% in the
short-term intervention group. In the multiple probiotic and the L. rhamnosus T cell-1 groups,
the effects of the probiotics were not strong-enough to prevent viral infections. Much research
has been done to study the effect of probiotics on bacterial or gastrointestinal infectious
diseases, but only a few studies.have examined the-effect of probiotics on viral or systemic
infectious diseases. de Vrese et al. (2005) have envisaged probiotics positively influencing
systemic organs by modulating immune function, stimulating virus-specific antibody
production, and affecting intestinal mucosa absorption and secretion (de Vrese and

Schrezenmeir, 2002).

In preventing respiratory infections, children of the L. casei rhamnosus group had a
reduction of 17% and 18% during the short- and long-term interventions, respectively,
compared to the control group. Our current work was supported by a previous study showing
that probiotics reduce respiratory infections and their severity among preschoolers (Hatakka et
al., 2001). There was a reduction in the occurrence of recurrent respiratory infections in the
multiple probiotic and the L. rhamnosus T cell-1 group, but it was insignificant (Hatakka et al.,

2001). The diverse outcomes we observed among the three commercial probiotics may have
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resulted from probiotic strain-dependent effectiveness. Previous investigations showed that
when research subjects were given a mixture of probiotics, there was an insignificant effect in

preventing the incidence of respiratory infections (de Vrese et al., 2006; Hatakka et al., 2007).

Together with increasing reports of clinical effects against infectious diseases, there is a
growing interest of the role of probiotics in bacterial and viral infectious disease prevention.
This large population study has successfully demonstrated that probiotics could induce
differential effects upon infectious disease in preschoolers among the three orally
administered commercial probiotics. However, the benefits of probiotics were small in
reducing the incidence of disease in some subgroups. Various probiotics can be efficient
immune modulators whose effectiveness varies-amongsstrains and species, such as
Lactobacillus and Bifidobacterium. Our-findings exhibit similarities to studies showing that
Lactobacilli species can affect antigen-specific 1gG1/1gG2 Ab.and cytokine responses
(Maassen et al., 2003; Maassen'et al., 2000).-Certain strains of Lactobacilli can activate
myeloid dendritic cells to stimulateT cells and then induce, Th1 cytokines, and could be
useful for the delivery of bio-therapeutic agents (Mohamadzadeh et al., 2005). This
investigation strongly suggests that there is a need for rational probiotic selection and detailed
evaluation prior to application in food or health care products. It also implies that the bacterial
growth phase is a crucial parameter allowing for additional manipulation of immune
responses by oral administration of Lactobacilli. A larger scale of investigation will be
required to obtain more information about the effect of these parameters upon a study

population.

In conclusion, this randomized, double-blind study shows that bio-therapeutic agents

may be useful in preventing viral and bacterial infectious disease. However, different
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commercial probiotics have dissimilar effects on diverse infectious disease. The L. casei
rhamnosus strain may reduce most infectious diseases, especially respiratory infections.
Multiple probiotic supplementation may significantly reduce gastrointestinal disease, and
long-term consumption of L. rhamnosus T cell-1 could decrease the incidence of bacterial

infection.
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Figure 2. Effects of oral administration of the three different commercial probiotics on
physician visits in preschool children.

Mean number of physician visits per month during the baseline period and intervention period
in preschool children that received L. casei rhamnosus (1), L. rhamnosus T cell-1 () or the
multiple probiotic (lll), compared to the control group (_]). Baseline 2001 and 2002: Period
before entrance to preschool and treatment of children allocated to the probiotic and control
groups. Short-term: Period that the children had been treated with different commercial
probiotics in the first 3.3 months. Long-term: Period that the children had been treated with

different commercial probiotics during the whole 7.3 months.
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Figure 3. Effects of the oral administration of the three different commercial probiotics
on bacterial infectious disease in preschool children.

Mean number of bacterial infectious diseases per month during the baseline period and
intervention period in preschool children that received L. casei rhamnosus (£1]), L. rhamnosus
T cell-1 (#4) or the multiple probiotic (lll), compared to the control group (1). *

Significantly different from the control group (P<0.05).
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Figure 4. Effects of the oral administration of the three different commercial probiotics
on viral infectious disease in preschool children.

Mean number of viral infectious diseases per month during the baseline period and
intervention period in preschool children that received L. casei rhamnosus (£1]), L. rhamnosus
T cell-1 ) or the multiple probiotic (ll), compared to the control group (L1). *

Significantly different from the control group (P<0.05).
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Figure 5. Effects of oral administration of the three different commercial probiotics on
gastrointestinal infectious disease in preschool children.

Mean number of gastrointestinal infectious diseases per month during the baseline period and
intervention period in preschool children that received L. casei rhamnosus (£1]), L. rhamnosus
T cell-1 () or the multiple probiotic (ll), compared to the control group ((1). **

Significantly different from the control group (P<0.01).
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Figure 6. Effects of oral administration of the three different commercial probiotics on
respiratory infectious disease in preschool children.

Mean number of respiratory infectious diseases per month during the baseline period and
intervention period in preschool children that received L. casei rhamnosus (E1), L. rhamnosus
T cell-1 (E2) or the multiple probiotic (), compared to the control group ((J). *

Significantly different from the control group (P<0.05).
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ABSTRACT

It is well-known that probiotics have important roles for the health of the host including

producing antimicrobial metabolites. The aim of this study was to determine the antimicrobial

activities among Lactobacillus strains and coclutured with various pathogens. Antimicrobial

activity of each supernatant from Lactobacillus strains, L. casei rhamnosus, L. casei and L.

rhamnosus, were determined by radial diffusion test. Coculture with three kinds of pathogen

(Escherichia coli ATCC 25922, Clostridium difficile, and Bacteroides frigilis) as inducers

were carried out. The ability of LcFsupernatants were investigated to produce inhibition for E.

coli ATCC25299 (as experimental model in gram-negative bacteria) and Staphylococcus

aureus ATCC10780 (as experiméntal model in gram-positive bacteria) by radial diffusion test.

Lcr promoted the greatest antimicrobial activities, producing inhibition halos corresponding

to 20.75 and 20.25 mm for E. coli and S. aureus, respectively. There were no significant

differences on the size of the inhibition halos in coculture Lcr with different pathogens or Lcr

culture alone. The results indicated that pathogens cannot enhence the antimicrobial capacities

of the Lcr strains. The antimicrobial capacities of Lcr are not pathogenesis-inducible.
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INTRODUCTION

Lactic acid bacteria (LAB) including Lactobacilli, when administered in adequate

amounts, have been known to confer a health benefit on the host, are referred to as probiotic

strains (FAO/WHO, 2001). Lactobacilli are natural components of gastrointestinal flora

recognized as beneficial to the host. The effectiveness of Lactobacilli is strain-specific that

contributes to host health through different mechanisms. Lactobacilli can prevent or inhibit

the proliferation of pathogens by antimicrobial substances (Sliva et al., 1987), suppress

production of virulence factors by pathogens) or'modulate the immune response.

Antimicrobial components produced by Lactobacilli include organic acids, hydrogen peroxide,

carbon dioxide, diacetyl, bacteriocins, and low molécular weight antimicrobial substances

such as reuterin (Ouwehand and Vesterlund 2004).

Clinical studies examined standard antibiotic therapy with concurrent probiotic

Sacchraromyces boulardii or placebo in 124 adult patients, 64 patients with an initial episode

of Clostridium difficile disease and 60 patients with a history of at least one prior episode of C.

difficile disecase (McFarland et al., 1994). The patients with prior C. difficile disease, S.

boulardii significantly inhibited further recurrences of disease. Recurrences prevention of C.

difficile-associated diarrheas by L. plantarum (299v) has been tested in a small, boubled-blind,
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placebo-controlled study (Wullt et al., 2003). Meanwhile, the antimicrobial activity of the
intraurethrally administered probiotic L. casei strain Shirota against Escherichia coli in a
murine urinary tract infection (UTI) model was examined. The results showed that a single
administration of L. casei Shirota at a dose of 10® colony forming unit (CFU) 24 h before the
challenge infection dramatically inhibited E. coli growth and inflammatory responses in the
urinary tract. Multiple daily treatments with L. casei Shirota during the post-infection period
also showed antimicrobial activity in this UTI model. In vitro studies also suggested multiple
specific activates of different probiotic agents.against several pathogens, including

Staphylococcus aureus (Lahtinen,etal., 2007)and E. coli.(Mack et al., 1999).

Antimicrobial compounds produced by LAB have been widely studied, but it is
questionable that different pathogen can effectively stimulate the various production of
antimicrobial substances by Lactobailli. A previous study demonstrated that L. casei
rhamnosus (Lcr) can control bacterial and gastrointestinal disease (Lin et al., 2009), which
motivated this investigation on the effectiveness of Lcr on antimicrobial effects. In the present
study, antimicrobial activities of supernatants obtained from Lactobacillus strains cocultured

with heat-killed pathogen strains were examined.

A previous study demonstrated that supernatant of Lcr with molecular weight of <5 kDa

65



exhibited best growth inhibitive ability against indicator strains. The antimicrobial activity

from Lcr supernatants were not induced by heat-treated pathogenic bacteria implying

antimicrobial components of Lcr being not bacteria-inducible.
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MATERIALS AND METHODS

The Lactobaciilus strain, L. casei rhamnosus (Lcr), was obtained from Antibiophilus®
Laboratoires Lyocentre Ltd, Aurillac, France. L. casei, and L. rhamnosus were provided by
Tzu Chi General Hospital (Hualien, Taiwan). All Lactobacillus strains were grown at 37°C in
MRS broth (Difco, Sparks,MD, USA) for 48 h until stationary phase and cell-free

supernatants were collected by centrifugation at 1,000xg for 10 min at 4°C.

Cell-free supernatants of Lactobacillus strains-werte collected and centrifuged in a
filtering device (Amicon Ultra- 15; Millipore, Bedford, MA; USA) using MWCO 5 kDa
ultrafiltration membranes. The supernatant was'loaded into SkDa ultrafiltration device,
3300xg for 30 minutes. The concentrate.was the >5kDa fraction. The filtrate was the <5 kDa
fraction. Each fraction was filtered through a 0.22 um membrane (Millipore) and kept at 4°C
before use. Protein concentration was determined by the BCA protein assay kit (Pierce,

Rockford, IL, USA) following the manufacturer’s instructions.

Staphylococcus aureus (ATCC 10780) and Escherichia coli (ATCC 25922) were
obtained from the American Type Culture Collection (Rockville, Md.) and grown in
Luria—Bertani (LB; Sigma-Aldrich Co. Ltd. Poole, UK). Solid media contained 1.5% (w/v)

agar (Sigma-Aldrich). Clostridium difficile and Bacteroides frigilis were kindly supplied by
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Tzu Chi General Hospital and cultured in an anaerobic atmosphere on TCCA plates
(brain-heart infusion agar supplemented with 5% defibrinated forse blood, 0.1% taurocholate,
10mg mL™" cefoxitin and 10mg mL™" cycloserine) (Difco). Cells were washed twice with
sterile distilled water, suspended in phosphate-buffered saline (PBS; 0.85% NaCl, 2.68 mM
KCl, 10 mM Na,HPO4, and 1.76 mM KH,PO4 at pH 7.7), and then heat-killed at 100 °C for

15 min.

Lactobacillus strains were treated with.heat-killed cells of E. coli, C. difficile and B.
frigilis at a ratio of 1:1, 1:10 and 13100 respectively; and incubated at 37 °C for 48 h. Cell-free

supernatants were collected by Centrifugation at 1,000xg for 10 min at 4°C.

The radial diffusion test was performed-as-described previously (Coconnier et al., 1997).
Briefly, 5x10° CFU per mL of S. typhimurium ATCC 10780 or E. coli ATCC 25922 were
added to 10mL of Trypticase soy broth (TSB) (Sigma-Aldrich) or LB agar, respectively, and
poured into a square Petri dish. The test material (25 uL) was applied in a well punched in the
agar and incubated for 3 h at 37 °C. Subsequently, the plates were overlaid with 10mL of
sterile TSB agar solution (1% agarose). The diameter of inhibition halo was measured after
18-24h (Sreeramulu et al., 2000). All determinations were performed in triplicate. Kanamycin
(Sigma-Aldrich) at 50uM was used as a positive control and fresh MRS broth was used as a
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negative control in antimicrobial activity experiments.

All experiments were performed at least 3 times, each time in triplicate. Data were

analyzed by multivariate ANOVA test. If a significant difference was found, a least significant

differences (LSD) multiple comparison test was used to identify significant groups. Statistical

analyses used The Statistical Software Package for the Social Sciences, version 12.0.1 for

Windows (SPSS Inc., Chicago, IL, USA). A P value < 0.05 was considered statistically

significant.
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RESULTS AND DISCUSSION

To obtain an overview of the antimicrobial capacity of Lactobacillus strains, and to

identify the specific strains capable of pathogen inhibition, L. casei rhamnosus (Lcr), L. caseli

(Lc) and L. rhamnosus (Lr) were investigated. The initial results indicated that all

supernatants inhibited the growth of E. coli ATCC 25922 and S. aureus ATCC 10780, but Lcr

showed statistically significant inhibition diameter of halo zones (20.75 £+ 0.35 mm) for E.

coli ATCC 25922 (Figure 1A and 1C) and for S. aureus ATCC 10780 (20.25 + 1.77 mm;

Figure 1B and 1D).

In the present study, several Lactobacillus strains were imvestigated for their differential

antimicrobial capabilities for gram=negative bacteria (E. cOlil ATCC 25922) and gram-positive

bacteria (S. aureus ATCC 10780). Lcr exhibitedimore potent growth inhibiting capability than

the L. casei and the L. rhamnosus strains. Probiotics, as antimicrobial agents against

pathogens, are an attractive, alternative approach for the attenuation of intestinal

pathogens-associated diseases. Many clinical studies during recent decades demonstrated that

probiotic species possessed beneficial effects for bacterial infections (Lin et al., 2009;

McFarland et al., 1994). However, inconsistency among some results might have resulted

from differences in probiotic species or strains. These inconsistencies have drawn attention to

understanding the mechanisms of probiosis by specific strains for possible clinical

70



applications.

Based on published evidence that Lactobacillus spp. secretes low molecular weight

components (<5 kDa) possessong antimicrobial activity (Ouwehand and Vesterlund 2004;

Servin, 2004). It was determined whether the antimicrobial activity observed in this study

arose from such molecules. Supernatants of Lactobacillus strains was divided into 2 fractions

(<5 kDa and >5 kDa) based on molecular weight using ultrafiltration membranes. As

illustrated in Fig. 1 we found that the filtrate retained most activity indicating that the active

component has a molecular weight'of <5 kDa. The diameter of halo zones of Lcr fractions in

inhibition for E. coli ATCC 25922 and S. aureus ATCC 10780 were as follows: Lcr cell-free

supernatant, 20.75 + 0.35 mm and 20.25 £'1.77 mm, respectively; <5 kDa fraction, 19.5 +

2.12 mm and 20.75 £ 0.35 mm, respectively;>5kDa fraction, 14 + 1.41 mm and 16.75 + 0.35

mm, respectively (p<.05). Both Lc and Lr strains were not as effective as the Lcr, suggesting

that the inhibitory activity is a unique property even among known probiotic strains.

To examine whether antimicrobial activity would increase with pathogens challenge, we

next stimulated Lcr with the serial tenfold various pathogens. After 48 h coculture, various

Lcr supernatants were collected and antimicrobial activities were measured. As illustrated in

Fig. 2, we found that there were no significant differences on inhibition diameter of halo
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zones for E. coli ATCC 25922 from various pathogens or various ratios of pathogens

stimulation compared with Lcr culture alone (15 mm). The diameter of halo zones of

inhibition for E. coli ATCC 25922 from Lcr supernatants with 1-fold, 10-fold and 100-fold

pathogens stimulation were as follows: CD, 14.75 £ 0.35 mm, 14 mm and 12.75 £+ 1.06 mm,

respectively; B. frigilis, 17.75 £ 0.35 mm, 16.5 mm and 12.75 £ 0.35 mm, respectively; E.

coli ATCC 25922, 16 mm, 14.75 = 0.35 mm and 14.25 + 1.06 mm, respectively.

All supernatants had significant inhibitory.effects on the growth of the gram-positive

indicator strains of S. aureus ATCC 10780. In general, gram-positive strains are more capable

of inhibiting other gram-positive strains than gram-negative strains. The diameter of halo

zones of inhibition for S. aureus ATCC 10780 front Lcr supernatants with 1-fold, 10-fold and

100-fold pathogens stimulation were as follows:.CD, 18 + 0.7 mm, 16.25 = 0.35 mm and

13.25 + 1.76 mm, respectively; B. frigilis, 20.75 + 1.06 mm, 18.5 mm and 16.75 + 0.35 mm,

respectively; E. coli ATCC 25922, 20 = 0.7 mm, 18.75 £ 0.35 mm and 19.75 + 0.35 mm,

respectively.

There are different factors that can influence antimicrobial components production: pH

(Kaiser and Montville, 1993; Cotter et al., 2005), temperature (Diep et al., 2000) and growth

conditions (Biswas et al., 1991). However, the effect of the presence of competing
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microorganisms on antimicrobial components production is not well known yet. Our findings
exhibit dissimilarities to studies showing that antimicrobial components from Lactobacillus
strains are bacteria-inducible. Rojo-Bezares et al. (2007) showed that an inducible
antimicrobial component, bacteriocin, has been detected in L. plantarum strain J23. This
antimicrobial activity was induced by living or heat-treated cells of some LAB strains and
presents stability in a wide range of pHs and after high temperature treatments. In addition,
Rassland et al. (2005) found that growth of LAB together with pathogen, Bacillus cereus,
gives better conditions for the LAB, which results,in greater quantities of different
metabolites, especially antimicrobial components. A further investigation will be required to

obtain more information about the inducible effect of these antimicrobial components.

Lcr supernatants from different ratio of CD challenge were separated by molecular
filtration using membranes with molecular weight cutoff of 5 kDa. All fractions showed
antimicrobial effects on E. coli ATCC 25922 and S. aureus ATCC 10780. <5 kDa CD
challenge fraction showed a stronger antimicrobial effect on indicator bacteria. Hence, it

would seem that active components exist at <5 kDa fraction.

In conclusion, Lcr show best growth inhibitive ability against indicator strains, the active
antimicrobial substances has a molecular weight of <5 kDa. The antimicrobial activity from
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Lcr supernatants were not induced by heat-treated cells of some pathogenic bacteria, it was
implied that antimicrobial components from Lcr are not bacteria-inducible. Our work is
among the first studies focusing on the assessment of antimicrobial activity of LCr strains, a
useful species in clinical and nutritional fields. The results of this study should be assessed in
association with colonization resistance of the microbiota, which may be modified not only by
the antimicrobial properties of specific components of the microbiota, but also by the impact

of Lcr on the composition and metabolic.
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FIGURES AND LEGENDS
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Figure 1. Antimicrobial activity of supernatant of Lactobacillus strains

Data from E. coli ATCC 25922 and S. aureus ATCC 10780 exposed to Lactobacillus spp.

supernatants that had been passaged through a <5 Kda molecular mass cut-off filter. Cell-free

supernatant (m), <5 kDa fraction of supernatant (=) or >5 kDa fraction of supernatant (0) were

collected after incubation with L. casei rhamnosus (Lcr), L. casei (Lc) or L. rhamnosus (Lr)

for 48hrs. 25 uL of each supernatant was applied for inhibition for E. coli ATCC 25922

(panel A and C) or for inhibition for S. aureus ATCC 10780 (panel B and D). The diameter of

inhibition halo was measured after 18—-24h. Results representative of typical donors (panel A

and B) and mean + standard error. of the mean (panel € and D) for 3 different experiments.

Kanamycin (Sigma-Aldrich) at S0pM was used as apositive control and fresh MRS broth was

used as a negative control in antimicrobial activity éxperiments. ***P<0.001 for change

versus LCr supernatant.

Schematic description of the plate antimicrobial assay from different supernatants of

Lactobacillus strains. Small circles represent various supernatants treatment on E. coli ATCC

25922 (A) or S. aureus ATCC 10780 (B) growing agar medium in a Petri plate (large circles).

(1) Kanamycin; (2) and (3) MRS; (4) and (5) cell-free supernatant; (6) and (7) <5 kDa

fraction; (8) and (9) >5 kDa fraction.
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Figure 2. Antimicrobial activity of Lcr stimulated with various heat killed pathogens
Inhibition activity for E. coli ATCC 25922 (panel A) or for inhibition for S. aureus ATCC
10780 (panel B) derived from Lcr to stimulated with various heat killed pathogen, C. difficile
(CD), Bacteroides frigilis and E. coli ATCC 25922. Supernatants were collected after 48hrs
cultured at 37°C and stimulations of Lcr were done at various ratios of 1:1, 1:10 and 1:100
(Lcr/pathogen). The diameter of inhibition halo was measured after 18—24h. Kanamycin
(Sigma-Aldrich) at 50uM was used as a positive control and fresh MRS broth was used as a
negative control in antimicrobial activity experiments. Results are mean + standard error of
the mean of 3 individual experiments: ***P<0.001for change versus supernatant of Lcr

cultured alone.
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Figure 3. Antimicrobial activity from different fractions of Lcr supernatant stimulated
with heat killed C. difficile

Cell-free supernatant (m), <5 kDa fraction of supernatant (=) or >5 kDa fraction of
supernatant (0) were collected after incubation with various ratio of Lcr and CD coculture
supernatants. 25 pL of each supernatant was applied for inhibition for E. coli ATCC 25922
(panel A) or for inhibition for S. aureus ATCC 10780 (panel B). The diameter of inhibition
halo was measured after 18—24h incubation. Kanamycin (Sigma-Aldrich) at S0uM was used
as a positive control and fresh MRS broth was used as a negative control in antimicrobial
activity experiments. Results are mean + standard efror of the mean of 3 individual

experiments. ***P<0.001 for change versus Lcr supernatant.
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ABSTRACT

Inflammatory bowel disease (IBD) is characterized by dense infiltrates of and defective

apoptosis by mucosal cell populations. Some probiotics inhibit monocytes’ expansion, although

mechanisms remain unknown. Supernatants of Lactobacillus strains were investigated for

inducing apoptosis of monocytes. Secreted factors produced by Latobacillus strains were tested

on human lymphocytes, monocytes and a human monocytic leukemia- cell line (THP-1). Cell

death mechanisms were investigated by avariety of methods. Lipopolysaccharide (LPS) -

induced proinflammatory cytokines (1L-1B;1L-6, IL-8 TNF-a)-and anti-inflammatory TGF-$1

were determined. Soluble factor(s) from L..¢asei rhamnosus strain supernatants (LcrS) effectively

induced apoptosis of immune cells. These were mainly“soluble proteins (MW 5-30 kDa; LcrSs.30).

For immune cells, but not human colonic epithelial carcinoma cells (HT-29), pretreatment with

LcrSs 3 significantly promoted apoptosis via a mitochondrial pathway. LcrSs 3o suppressed pro-

inflammatory cytokines and induced anti-inflammatory TGF-B1. Probiotic Lcr produced heat-

stable molecules (MW range 5-30 kDa) that promoted immune cell apoptosis without affecting

intestinal epithelial cells. LcrSs. 3 triggered apoptosis by a mitochondrial pathway, but not via

TGF-p signaling pathway. LcrSs.30 also inhibited LPS-induced inflammatory cytokines by

immune cells. Thus, LcrSs.3p promotes apoptosis of immune cells, and suggests probiotics-based
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regimens for prevention of IBD.

Keywords: L. casei rhamnosus, apoptosis, monocytes, IBD, mitochondrial pathway, TGF-3
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INTRODUCTION

Probiotics have been evaluated as an alternative and safe therapeutic approach for

inflammatory bowel disease (IBD) (Bibiloni et al., 2005). Clinical trials suggested that treatments

with a multi-species probiotic, VSL#3, including 3 Bifidobacterium species, 4 Lactobacillus

species and S. salivarius ssp. thermophilus, were effective for maintaining remission and

decreasing relapse rates in IBD patients (Miele et al., 2009). Treatment using Escherichia coli

Nassle 1917 showed remission maintenance for ulcerative/Colitis (UC) (Kruis et al., 2004).

However, conflicting results have.been.observed for various prebiotic strains in clinical use.

Treatment with either L. rhamnosus GG (LGG) ot L. johnsonii(LLA1) did not improve clinical

conditions for Crohn’s disease (CD) of prévent endoseopic tecurrence of CD, respectively

(Marteau et al., 2006; Bousvaros et al., 2005).

The precise molecular mechanisms by which particular probiotics improve IBD remain

unknown. Recent studies suggested that several probiotic strains could have apoptosis inducing

capabilities, which would have positive effects on inflammatory responses. E. coli Nissle 1917

supernatant induced yo T cell apoptosis via caspase- and FasL-dependent pathways (Guzy et al.,

2008). In contrast, L. reuteri secreted factors promoted human myeloid leukemia-derived cells
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apoptosis by modulation of NF-kB and MAPK signaling in the presence of TNF-a (Iyer et al.,

2008). In addition, soluble proteins produced by LGG can regulate intestinal epithelial cell

proliferation and survival by preventing cytokine-induced apoptosis (Yan et al., 2007). These

studies illustrated diverse protective effects by different probiotic strains on inflammatory

diseases.

IBD is a chronic recurrent inflammatory condition of the gastrointestinal tract. Although

its etiology remains unknown, dense infiltrates of activated T cells and macrophages in the

terminal ileum and colon mucosa-are characteristics of IBD (Lugering et al., 2006). Defective

apoptosis of mucosal T cells, macrophages-and monocytes hasbeen recognized as either an

initiating event or necessary step in the pathegenesis.of IBD (Itoh et al., 2001). Highly apoptosis-

resistant mucosal cells may trigger inflammation, resulting in increased production of

inflammatory cytokines (TNF-a, IL-1p, IL-8, etc.), cytolytic enzymes and reactive oxygen

species causing tissue injury and clinical consequences (McGuckin et al., 2008; Strober et al.,

2002). Various pharmaceutical treatments, including corticosteroids, antibiotics and

immunomodulators, have been examined regarding their capacity to induce apoptosis in gut

mucosal effector cells in IBD (Liigering et al., 2006). However, current therapeutic agents are

only moderately effective for long-term treatment and have been associated with potential long-
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term toxicity (Baert et al., 2003). Thus, alternative strategies for treatments of IBD have been

devised to resolve adverse effects and to improve the clinical efficacy.

A previous study demonstrated that Lcr can control bacterial and gastrointestinal disease

(Lin et al., 2009), which motivated this investigation on the effectiveness of Lcr on host immune

mediation. Using human purified monocytes, this study showed the potency of Lcr promoted

apoptosis of lymphocytes, monocytes and human monocytic leukemia-derived cell lines (THP-1).

Lcr promoted selected cells apoptosis via-a mitochondrialpathway and was strain-specific. In the

presence of protein factors (MW 5-30.kDa), Lcr suppressed the-production of pro-inflammatory

cytokines by E. coli lipopolysaccharide (LPS)-activated lymphocytes, monocytes and THP-1

cells independent of apoptosis. Moreover; LerSs.3 couldinduce the production of anti-

inflammatory TGF-B1 and TGF-B-independent cell death.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

The Lactobaciilus strain, L. casei rhamnosus (Lcr), was obtained from Antibiophilus®
Laboratoires Lyocentre Ltd, Aurillac, France. L. casei, and L. rhamnosus were provided by Tzu
Chi General Hospital (Hualien, Taiwan). All Lactobacillus strains were grown at 37°C in MRS
broth (Difco, Sparks,MD, USA) for 48 h until stationary phase and cell-free supernatants were
collected by centrifugation at 1,000xg for10 min at 4°C. Fresh MRS broth was used as a control

in apoptosis experiments and the eytokine assays.

Bacterial supernatant collection and size exclusion.assays

Cell-free supernatant was collected and centrifuged in a filtering device (Amicon Ultra-15;
Millipore, Bedford, MA, USA) using MWCO 50 kDa, 30 kDa and 5 kDa ultrafiltration
membranes. The supernatant was loaded into 50 kDa ultrafiltration device, 3300xg for 30
minutes. The concentrate was the >50 kDa fraction. The <50 kDa fraction was centrifuged at
3300xg for 30 min using a 30 kDa ultrafiltration membrane. The upper layer was the 30-50 kDa
fraction. The 5-30 kDa fraction was obtained by applying the <30 kDa fraction to 5 kDa

ultrafiltration device. The filtrate was the <5 kDa fraction. Each fraction was filtered through a
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0.22 um membrane (Millipore) and kept at 4°C before use. Protein concentration was determined
by the BCA protein assay kit (Pierce, Rockford, IL, USA) following the manufacturer’s

instructions.

Denaturation of bacterial supernatant proteins
The supernatant was mixed with 1 mg/ml trypsin or proteinase K (Sigma-Aldrich Co. Ltd.
Poole, UK) at room temperature overnight. The supernatant was heated to 100 °C for 30 minutes

prior to an intended assay.

Cell culture

THP-1 cells (human monocytic léukemia- derived'eell'line) and HT-29 cells (human colonic
epithelial carcinoma cell line) were obtained from the Bioresource Collection and Research
Center (Hsinchu, Taiwan). THP-1 cells were maintained in Falcon 100 x 20mm plastic culture
flasks (Becton Dickinson Labware, Oxnard, CA, USA) in RPMI-1640 medium (Gibco,
Invitrogen, Paisley, UK), supplemented with 10% fetal bovine serum (Gibco, Invitrogen), L-
glutamine (200 mmol/l), 2-mercapto-ethanol (5% 10™ mol/l) (Sigma-Aldrich), 0.1 mg/ml of
streptomycin sulfate (Sigma-Aldrich), 0.1 mg/ml of penicillin (Brittania Pharmaceuticals Ltd.,

Poole, UK). HT-29 cells were grown in Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen)
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supplemented with 10% fetal bovine serum. All cells were incubated at 37°C in a humidified

atmosphere containing 5% CO, for varying times.

Isolation PBMCs and purification of lymphocytes and monocytes

Peripheral blood mononuclear cells (PBMCs) obtained from healthy blood donors and were
prepared by density gradient centrifugation of blood over Histopaque-1077 (Sigma-Aldrich).
PBMCs were separated into CD 14+ monocytes and lymphocyte subsets by immunomagnetic
selection with CD14 MicroBeads kit(Miltenyi Biotec GmBH, Bergisch Gladbach, Germany)
used according to the manufacturer’s instructions. Flow cytometry analysis indicated the purity of
monocyte preparation from PBMCs following immunomagnetie selection with anti-CD14 was
>95%. A highly enriched population of Iyinphocytes was‘obtained from the CD14-depleted cell
fraction. Cell preparations were aliquoted to 1x10° cells/ml in RPMI 1640 medium (Gibco,
Invitrogen) supplemented with 10% fetal calf serum (Gibco Invitrogen), 0.1 mg/ml of
streptomycin sulfate (Sigma-Aldrich), 0.1 mg/ml of penicillin (Brittania Pharmaceuticals Ltd)
and 100 mM L-glutamine (Sigma-Aldrich). Cell culture was at 37°C in a humidified atmosphere

with 5% CO, for varying times.

Annexin V staining
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Lymphocytes, monocytes and THP-1 cells (10° per test) were collected after incubation with
LcrS, 3.125-25 ng/ml for varying times. After washing twice with PBS, the cells were
resuspended in Annexin V binding buffer (10 mM HEPES-NaOH (pH 7.4), 140 mM NacCl, and
2.5 mM CaCl,). After centrifugation, the cells were incubated in 500 pl of the same buffer
containing 1.25 pl FITC-conjugated Annexin V (BD PharMingen, San Diego, CA, USA) at room
temperature for 15 min in the dark. Data acquisition and analysis used a Becton—Dickinson
FACSan flow cytometer (Franklin Lakes, NJ, USA) with CellQuest software (Becton—Dickinson,

Oxford, UK).

TUNEL assay

THP-1 cells were cultured in plates'and.treated with 10 uM taxol or 3.125-25 pg/ml of the
LcrSs.ao for 24hrs. After PBS wash, 1x 10° cells were fixed with 4% formaldehyde in PBS for 10
min at room temperature and permeabilized with 80% ethanol at -20°C. DNA fragments of
apoptotic cells were labeled with 57 uL biotin and 3 pL catalyzed by terminal deoxynucleotidyl
transferase (TdT) per sample for 2 h. Biotinylated nucleotides were detected using 100 pL
streptavidin-horseradish peroxidase (HRP) conjugate. Diaminobenzidine reacted with the labeled
sample to generate an insoluble colored substrate at the site of DNA fragmentation. Slides were

counterstained with methyl green for morphological evaluation and characterization of normal
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and apoptotic cells using light microscopy. A total of 200 cells per sample were analyzed, and the

numbers of apoptotic cells were expressed as percentages of the total cells.

Assessment of mitochondrial membrane potential (4'¥m)

A%¥m was measured using the lipophilic cation JC-1, which has potential-dependent
accumulation in mitochondria indicated by a fluorescence emission shift from green (JC-1 in
monomeric form, 527 nm) to red (JC-1 in aggregative form, 590 nm). Consequently,
mitochondrial depolarization is indicated by a decrease i the red/green fluorescence intensity
ratio. Purified lymphocytes, monoecytes.and THP-I-cells were aliquoted to 5x 10° cells/ml in
supplemented RPMI medium andancubated'with or without LexSs 3 for varying time intervals
and doses ranging from 3.125 to 25 pg/mlat.37°C in.the presence of 5% CO,. Cells were then
washed twice with PBS prior to staining with 1 uM JC-1 in dimethyl sulfoxide (DMSO) (Gibco
Invitrogen) for 30 min in the dark at 37°C, and immediately analyzed with a Becton—Dickinson

FACSan flow cytometer at 488 nm excitation.

Detection of activated caspase-9
Lymphocytes, monocytes and THP-1 cells (5% 10° cells/ml) were collected after incubation

with LcrSs.30 for varying times and at doses ranging from 3.125 to 25 pg/ml at 37°C in the
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presence of 5% CO,. After incubation, cells were fixed with 4% formaldehyde in PBS for 5 min

at room temperature, followed by permeabilization with saponin buffer (0.04% saponin, 50 mM

glucose, 0.1% sodium azide) in PBS. Intracellular active caspase-9 subunits were detected by

incubation with FITC-conjugated anti-active human caspase-9 antibody (BD Pharmingen) in the

presence of rabbit serum (Sigma-Aldrich) to block nonspecific binding. Substrate cleavage of

released free FITC fluorescence intensities were recorded with a Becton-Dickinson FACS-

Calibur flow cytometer with excitation wavelength at 488 nm and emission wavelength at 520

nm.

Western blot analysis

Monocytes and THP-1 cells were harvested from-Cultures after treatment with the LcrSs .30

for varying time intervals, 3-24 h. Cells were lysed with buffer containing 1% Triton X-100, 50

mM Tris (pH 7.5), 10 mM EDTA, 0.02% NaN3, and a protease inhibitor mixture (Sigma-

Aldrich). After 1 freeze-thaw cycle, cell lysates were centrifuged at 14,000 % g for 30 min at 4°C.

The supernatants were collected and boiled in the sample buffer for 5 min. After SDS-PAGE,

proteins were transferred to a polyvinylidene difluoride membrane (Millipore), blocked overnight

at 4°C in PBS-T (PBS plus 0.5% Tween 20) containing 10% skim milk, and probed with Abs

against cytochrome ¢, pro-caspase 3, active caspase 3, and B-actin (Calbiochem, San Diego, CA,
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USA) for 1h at room temperature. After washes with PBS-T, blots were incubated with a 1/5000

dilution of HRP conjugated goat anti-mouse or anti-rabbit IgG (Calbiochem) for 1 h at room

temperature. Protein bands were developed using ECL Plus Western Blotting Detection System

(Pierce).

RT-PCR

Total cellular RNA was extracted using an Ultraspec-II RNA isolation system (Biotec,

Houston, TX, USA) following the manufacturer’s instructions. The concentration of RNA was

quantitated by spectrophotometry-at 260 nm. cDNAin‘a total velume of 20 uLL was prepared after

reverse transcription of cellular RNA (5 pg)'with Moloney murine leukemia virus reverse

transcriptase (Promega, Madison, WI,/USA).using an-20-mer of oligo(dT) as the primer. cDNA

(3 puL) was added to PCR buffer containing primers at 1.5 uM each, MgCl, (1.5 mM), dNTPs

(0.2 mM each), and 1 U of Tag DNA polymerase (Promega) in a total reaction volume of 50 pL.

The oligonucleotide primers for human Bcl-2 (5’-ACAACATCGCCCTGTGGATGA-3’ and 5°-

ATAGCTGATTCGACGTTTTGCC-3’), Bax (5’-GGAATTCTGACGGCAACTTCAACTG GG-

3’ and 5’-GGAATTCTTCCAGATGGTGAGCGAGG-3’), and B-actin (5’-AGCGGGAA

ATCGTCGTG-3’ and 5’-CAGGGTACATGGTGGTGGTGCC-3’) were used according to

previously published sequences (Lin et al., 2002). Thirty-five cycles were used for Bcl-2 and Bax,
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and 30 cycles for B-actin (95°C for 1 min, 55°C for 2 min, and 72°C for 3 min) using a PCR
controller (GeneAmp PCR System 2400; PerkinElmer, Wellesley, MA, USA). The PCR products
were separated by 1% agarose gel electrophoresis, stained with 0.5pg/ml ethidium bromide, and

viewed with UV light.

Cytokine assays

Lymphocytes, monocytes and THP-1 cells, 5x10° cells/ml, were stimulated with 1pM LPS
and 25ug/ml LcrSs.3o. After 24h, culture supernatants were collected, centrifuged and stored at -
20°C for cytokines and chemokine analysis.-Quantitative human IL-1f, IL-6, IL-8, TNF-a and
TGF-B1-specific ELISAs (DuoSety R & D systems, Minneapolis, MN, USA ) were performed in

a 96-well plate and detected at 450nm‘with-a.microplate reader (Bio-Rad, Hercules, CA, USA).

Statistical analysis

All experiments were performed at least 3 times, each time in triplicate. Data were analyzed
by multivariate ANOVA test. If a significant difference was found, a least significant differences
(LSD) multiple comparison test was used to identify significant groups. Statistical analyses used
The Statistical Software Package for the Social Sciences, version 12.0.1 for Windows (SPSS Inc.,

Chicago, IL, USA). A P value < 0.05 was considered statistically significant.
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RESULTS

Probiotic Ler preferentially induces apoptosis of a human monocytic leukemia-derived cell line

Following incubation of THP-1 cells with Lactobacillus conditioned media, the relative

apoptosis promoting activities of probiotics were evaluated by Annexin-V FITC and PI staining

in cell-free culture supernatants followed by flow cytometry. The capabilities of Lactobacillus

strains’ supernatants to induce THP-1 cell apoptosis were determining by culturing the cells with

25ug/ml of each supernatant for 24 h. LcrS significantly.inereased the proportion of Annexin-V

positive cells (24.58% ; P<0.001)swhereas the L. casei and L. rhamnosus strains induced limited

Annexin-V positive staining (2.17% and4.53%, respectively; Fig. 1).

Partial characterization of the Lcr apoptosis-inducing factor(s)

LcrS was divided into 4 four fractions based on molecular weight using ultrafiltration

membranes: <5 kDa, 5-30 kDa, 30-50 kDa and >50 kDa. These fractions induced, respectively,

8.03%, 77.36%, 16.91% and 14.43%Annexin-V positive cells. The LcrSs.3o fraction promoted

apoptosis more effectively than the others (P<0.001, Fig. 2A).

Then, LcrSs.30 was subjected to various treatments in order to identify the nature of the
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compounds responsible for the promotion of apoptosis of THP-1 cells. Heating did not decrease

the apoptosis-promoting effect, suggesting that the apoptosis-promoting compounds were heat-

stable. Proteinase K and trypsin treatments reduced Annexin-V positive cells by 69.8% and

65.53%, respectively, compared to an untreated fraction (P<0.001). These results suggested that

proteinaceous compounds or domain(s) may be involved with promoting apoptosis (Fig. 2B).

Selective apoptosis promotion by LcrSs 3o on monocytes, but not intestinal epithelial cells

THP-1 cells were analyzed by TUNEL assay, while.theshuman colonic epithelial carcinoma

cell line (HT-29) cells were analyzed by Annexin V-EITC and PI double staining using flow

cytometry. Exposure of THP-1 cells to varying concentrations of LcrSs_zo (3.125 to 25pug/ml) led

to dose-dependent apoptosis induction' (Fig=3A and 3B). In contrast, the majority of HT-29 cells

did not undergo apoptosis after exposures to the same concentrations of LcrSs.3o (Fig. 3C).

Dose- and time dependence of LcrSs_zp-induced cytotoxicity

In order to quantify apoptosis induction of immune cells by LcrSs.39, both monocytes and

lymphocytes were purified from PBMC samples and subjected to similar treatments. Double

staining with Annexin-V FITC and PI confirmed time- and dose-dependent apoptosis promotion

of lymphocytes, monocytes and THP-1 cells by LcrSs_30. To determine the timing of apoptosis
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induced by LcrSs_ 30, cultured cells were treated with 25 pg/ml of LcrSs 30 for varying times. Flow

cytometry analyses showed that LcrSs.3p induced monocytes and THP-1 apoptosis in a time-

dependent manner. LcrSs.30 also promoted apoptosis of lymphocytes at 12 to 24 h after treatment

(Fig. 4A).

To determine the dose of LcrSs.3o required to induce apoptosis, cells were treated with

different concentrations of LcrSs 3o for 24 h. These results showed that 3.125 pg/ml of LcrSs 30

effectively induced apoptosis of monecytes and lymphoeytes. By comparison, 25ug/ml of LcrSs.

30 promoted significant apoptosisof THP-1cells (Fig.4B).

Apoptosis of monocytes by LcrSs.3g via.a.mitochondrial pathway

The loss of mitochondrial membrane potential (4¥m) is an important event in apoptosis.

The carbocyanine dye JC-1 detects changes in 4¥m due to its dual emission characteristics

(Cossarizza et al., 1996). A two-parameter fluorescence display of JC-1-stained monocytes

showed that most of the cells emitted relatively lower levels of green fluorescence, while a

subpopulation exhibited reduced JC-1 aggregation and an increase in green fluorescence emission,

indicating a decrease of 4¥m. Exposure of purified monocytes to 3.125ug/ml and 6.25ug/ml of

LcrSs_30 for 24 h did not induce significant changes in emission of JC-1 (11.59% and 13.71%,
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respectively; % of depolarized 4¥m cells).However, 12.5ug/mlLcrSs 30 strongly induced

depolarized 4¥m cells (56.43%, P<0.001, Fig. SA).

In addition, a high correlation has been previously shown between 4¥m in isolated

mitochondria and fluorescence ratio (mean red fluorescence intensity/mean green fluorescence

intensity corresponding to the FL2/FL1 ratio). Thus, to determine the 4 ¥m values for

lymphocytes, monocytes and THP-1 samples after LcrSs_3o treatment, the fluorescence ratios

were evaluated (Fig. 5B). The FL2/FL 1 ratio was decre¢ased.as early as 3 hours after LcrSs.30

treatment. For the tested cells, thesmaximum:-loss of 4¥m was reached at approximately 3h, and

remained at this level until 12 h after treatment.

To understand the modulation in the apoptotic signaling pathway by LcrSs_30, expressions

of the Bcl-2 family proteins Bcl-2 and Bax were analyzed by RT-PCR (Fig. 6A). After treatment

with LcrSs.3 for monocytes and THP-1 cells, the mRNA levels of Bcl-2 decreased, whereas that

of Bax mRNA expression increased in a time-dependent manner (Fig. 6A). The release of

cytochrome ¢ from mitochondria to cytoplasm was determined by Western blot (Fig. 6B). Also,

the cleavages of pro-caspase 9 and pro-caspase 3 into their active forms were detected 3 to 24 h

after LcrSs 3 treatment (Fig. 6B and 6C). These results indicated that LcrSs.30 regulated the
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apoptosis of monocytes and THP-1 cells via expressions of mRNAs, including Bcl-2 and Bax,

and proteins, including cytochrome ¢, caspase 9 and caspase3, by a mitochondrial pathway.

Inhibition of LPS-induced inflammatory cytokines after treatment with LcrSs.3g

The apoptosis-inducing effects on pro-inflammatory cells by LcrSs.30 implied its potential

for regulating the secretions of pro-inflammatory cytokines (IL-1p, IL-6, IL-8 and TNF-a).

Lymphocytes, monocytes and THP-1 cells were treated with E. coli-derived LPS and LcrSs .30,

and the changes of inflammatory cytokines secretions were evaluated by ELISA (Fig. 7). As

expected, LPS-treated cells showed elevated-levels of inflammatory cytokines. However,

cytokines expressions were markedly reduced after simultaneous incubation with LcrSs 3

(P<0.01, Fig. 7). These experiments suggested that LerSs 39 'was capable of downregulating the

secretion of pro-inflammatory cytokines.

LcrSs 39 induces TGF-f production and promotes TGF-f-independent apoptosis

TGF-B1 is a key regulatory cytokine involved in anti-inflammation that counteracts IL-1 and

TNF-o and modulates cellular functions, such as homing, cellular adhesion, chemotaxis and T-

cell homeostatic regulation (Luethviksson and Gunnlaugsdottir, 2003).In contrast to the pro-

inflammatory cytokines described above, dramatic increases of TGF-1 levels were observed
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following treatment with LcrSs.30 (Fig. 8A).

TGF-p regulates a wide array of biological functions, including apoptosis (Heldin et al.,

1997). TGF-P production was increased by LcrSs.3¢ treated THP-1 cells. It was reasonable to

postulate that apoptosis might be triggered by TGF-f rather than LcrSs.30. To confirm this

assumption, a pharmacological inhibitor, SB431542, was applied. The percentages of apoptotic

cells in 10 ng/ml and 1 ng/ml TGF-f exposed preparations were 18.9 + 0.44% and 16.57 = 0.67%,

respectively (Fig. 8B). Treatments with/ 1275 pg/ml and 25fg/ml of LcrSs .30 induced dissimilar

levels of apoptosis of THP-1 cellsywhich were 26.35 # 0.77% and 74.96 + 0.38%, respectively.

One ng/ml TGF-B and 12.5 pg/ml.LcrSs 5 induced apoptosis were SB431542 sensitive.

Nevertheless, 25ug/ml of LcrSs.3o induced dramatic changes in the levels of apoptosis of THP-1

cells, and SB431542 could not reverse this phenomenon (Fig. 8B). Collectively, these results

indicated that LcrSs.3p was capable of inducing TGF-B-independent cell death.
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DISCUSSION

In the present study, several Lactobacillus strains were investigated for their differential

capabilities to promote apoptosis of THP-1 cells. Lcr exhibited more potent apoptosis inducing

capability than the L. casei and the L. rhamnosus strains. Probiotics, as preventative or

therapeutic agents against IBD, are an attractive, alternative approach for the attenuation of

mucosal inflammation. Many clinical studies during recent decades demonstrated that probiotic

species possessed beneficial effects fers IBD (Miele et ali, 2009; Bibiloni et al., 2005; Kruis et al.,

2004). However, inconsistency among some resultsmight haveresulted from differences in

probiotic species or strains. Thesednconsisténcies have drawn attention to understanding the

mechanisms of probiosis by specific strains-for possibl€clinical applications.

Initial characterization of the apoptosis inducing factor(s) in LcrS employed MWCO

ultrafiltration. The apoptosis inducing factor(s) were present in the 5-30 kDa fraction. Several

studies have described apoptosis promotion via factor(s) produced by probiotics, such as for

human breast cancer cells by fermented soy milk (Chang et al., 2002), human v T cells by E.

coli Nissle 1917 supernatant (Guzy et al., 2008) and for human myeloid leukemia-derived cells

by L. reuteri (Iyer et al., 2008). The identities of these factor(s) have not been determined. The
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Lcr-derived apoptosis-inducing factor(s) are small heat stable proteins or peptides components,

based on results of heat inactivation and protease treatment experiments.

Pathologically, IBD is characterized by a high density of mucosal cells within the

inflamed tissues that mainly consist of activated T cells, peripheral blood neutrophils and

monocytes/macrophages (Liigering et al., 2006). Extensive studies in recent years have shown

that activation and increased survival time of leucocytes might contribute to the severity of

intestinal inflammation and clinical relaps€s in both CD-and;UC (Itoh et al., 2001). Activation-

induced cell death (AICD) is an important mechanismrto limit the number of active monocytes

and lymphocytes, and to terminate.an immune tesponse. LcrSsso was effective for promoting

lymphocyte/ monocyte/ THP-1 cell apoptosis.in both.dose- and time-dependent manners.

Despite a paucity of data regarding probiotics for promoting apoptosis of immune effector

cells as an alternative IBD therapy, experiments with yd T cell going through programmed cell

death by E. coli Nissle and human myeloid leukemia-derived cells proceeding through TNF-

induced apoptosis by L. reuteri provided a rational basis for an apoptosis-inducing strategy for

IBD therapy. Our study with monocytes showed that 12.5 pg/ml and 25 pg/ml of LcrSs.30 could

disrupt the mitochondrial membrane potential, and apoptotic cell death was induced within 3 hrs
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following exposure to 25 pg/ml of LcrSs.39. Moreover, the increase of the Bax/Bcl-2 ratio, release

of cytochrome ¢, and activation of caspase-9 and caspase-3, showed that LcrSs_30 is capable of

inducing monocytes apoptosis via a mitochondrial pathway.

An anti-TNF antibody, infliximab, is an FDA-approved treatment for CD and UC. Several

studies demonstrated that infliximab induced monocytes apoptosis (Liigering et al., 2001) and a

loss of CD68+ monocytes, as well as CD4+ and CD8+ T lymphocytes, in the lamina propria

(Baert et al., 1999). Also, infliximab exerted killing activity.on human peripheral blood T cells by

as much as 50.6% after 18 h culture with 5-pg/mlinfliximab (Sabatino et al., 2004). In our study,

LcrSs.30 promoted apoptosis of lymphocytes, monocytes and THP-1 cells by as much as 93%,

97% and 74%, respectively. The induction'ef apoptosis’did not require the Fas/FasL signal

transduction pathway. Rather, it involved upregulation of Bax/Bak followed by mitochondrial

release of cytochrome ¢ (Sabatino et al., 2004). Interestingly, the extents of immune effector cells

apoptosis induced by infliximab and probiotic Lcr were similar. Also, given the safety history of

probiotics, Ler could be a useful adjunctive treatment for IBD patients.

The loss of intestinal epithelial cell (IEC) function, and subsequent changes in epithelial

tight junction protein expressions and IEC apoptosis are also critical components for the initiation
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and perpetuation of IBD (Xavier and Podolsky, 2007). Probiotics have been investigated for

protective effects by regulating IEC survival for treating and preventing intestinal inflammation.

In vitro results indicated that LGG reduced intestinal epithelial apoptosis by upregulating the

expressions of anti-apoptotic and cytoprotective genes (Lin et al., 2008). Also, soluble factors

from LGG stimulated anti-apoptotic Akt activation and prevented cytokine-mediated apoptosis

(Yan et al., 2007). In this study, LcrSs.30 was quite unique in that it promoted apoptosis of

monocyte-like cells, but not of IEC. These results are consistent with previous studies in which

probiotics could protect intestinal integrity by promoting supvival of IEC.

LcrSs_30 possessed potent inhibitex(s) for LPS induced pro-inflammatory cytokines, such

as IL-1B, IL-6, TNF-0, and chemokine, JL=8. The suppftession of IL-1f, IL-6, TNF-a and IL-8

suggested that LcrSs_3p might concomitantly suppress lymphocyte/monocyte/THP-1 chemotaxis

and cellular activation. TNF-a is a crucial proinflammatory cytokine in various inflammatory

disorders. Blocking of TNF-a is efficient for the treatment of patients with CD and UC (Rutgeerts

et al., 2004). Interestingly, studies have indicated that apoptosis was indeed linked to the clinical

efficacies of various anti-TNF agents. TNF-a inhibitors, such as infliximab and adalimumab,

have shown clinical efficacy for IBD and exerted strong apoptotic effects (Baert et al., 1999).

However, another anti-TNF agent, etancercept, did not establish a positive influence on the
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course of CD (Van den Brande et al., 2003) due to a failed apoptosis inducing ability in

monocytes and lymphocytes. Our results indicated that LcrSs 3o possessed both TNF-a

suppression and apoptosis promotion capabilities, as seen with infliximab.

TGF-p is a potent anti-inflammatory cytokine and has a vital role for suppressing the

activation and proliferation of inflammatory cells (Letterio and Roberts, 1998). Also, TGF-f has

been implicated for an essential role in disease remission by promoting the maturation of

intestinal epithelial cells and for healing wounds and uleers (Kader et al., 2005). L. paracasei has

been reported to induce populations of regulatory €D4+ T cellsy which produce high levels of

modulatory cytokines, IL-10 and TGF-Bivon der Weid et al; 2001). Lactobacilli modulate

cytokine production in bone-marrow-derived. dendritiecells'with a net effect of altering overall

cytokine profiles in a species-dependent manner (Christensen et al., 2002). One study also

showed that pediatric IBD patients in remission compared to those with active disease had higher

levels of TGF-B1 (Kader et al., 2005). In this study, because LcrSs.3 could induce high TGF-1

production, but not IL-10 (data not shown), by lymphocytes, monocytes, and THP-1 cells implied

that LcrSs.3o altered the balance between pro-inflammatory and anti-inflammatory cytokines, and

highlights their important immunomodulatory roles in inflammatory diseases.
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TGF-p can trigger apoptosis in myeloid leukemia cells (Heldin et al., 1997). SB-431542,

a specific inhibitor of TPRI, inhibits the TGF-B-induced apoptosis in several cell types by

blocking TGF-p signaling. Upregulated TGF-J3 production promotes monocytes apoptosis and

contributes to the prevention of tissue injury. It was important to confirm the consequences of

TGF-p production in regulating the apoptosis of monocytes following LcrSs 3o treatment. SB-

431542 significantly blocked TGF-B1- and 12.5ug/ml - induced apoptosis. The higher dose of

LcrSs.30 induced a significant amount of apoptosis in THP-1 cells, but this was inefficiently

abrogated by SB 431542. Thus, LcrSs.39 eould trigger TGFE-B-independent apoptosis.

In conclusion, probiotic Ler produces heat-stable molecules with a MW range of 5-30

kDa, primarily proteins, which promoted lymphocytesmonocyte and THP-1 cell apoptosis

without affecting intestinal epithelial cells. LcrSs.3p triggered apoptosis of immune cell in vitro by

a mitochondrial pathway, but not via the TGF-f3 signaling pathway. LcrSs 3¢ also inhibited LPS-

induced inflammatory cytokines in activated immune cells. This investigation demonstrated a

role for LcrSs 30 in promoting apoptosis of immune cells and suggests the possibility of a

probiotics-based regimen for prevention of IBD.
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Figure 1. Strain-dependent promotion of apoptosis of THP-1 cells in the absence or

presence of probiotic-derived secreted factors.

LcrS significantly increased the numbers of Annexin V positive cells, but fewer were found for L.

casei and L. rhamnosus. Apoptotic THP-1 cells following exposure to 25ug/ml probiotic

supernatants were determined by double staining with Annexin V-FITC and Propidium iodide

(PI). Cells that were Annexin V positive and PI negative were early apoptosis cells. Cells positive

both for Annexin V and PI represented cells in late apoptosis. Results representative of typical

donors (panel A) and mean =+ standard error of the mean-(panel B) for 3 different experiments.

Control = complete RPMI cell culture. medium. MRS=bacterial-culture medium. 1 uM Taxol was

a positive control. ***P<(0.001 for change versus LcrS.
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Figure 2. Partial characterization of factors promoting THP-1 apoptosis. THP-1 cells were

stimulated with 25pug/ml of 4 different fractions (panel A). THP-1 cells were stimulated with

LcrSs 3 that had either been boiled for 30 mins or treated with 1mg/ml trypsin or proteinase K.

After 24 h stimulation, apoptotic THP-1 cells following exposure to 25ug/ml LcrSs.30 were

determined by double staining with Annexin- V FITC and PI (panel B). Each bar represents mean

+ standard error of the mean of 3 individual experiments. ***P< 0.001 for change versus control.
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Figure 3. LcrSs.30 promoted apoptosis of monocytes, but not intestinal epithelial cells. THP-1

cells (panels A and B) and HT-29 cells (panel C) were treated with varying concentrations of

LcrSs_30 or 10 uM Taxol as a positive control for 24h. TUNEL staining was observed by light

microscope. Arrows indicate representative apoptotic cells (panel A). The percentage of cells that

underwent apoptosis from a representative experiment (panel B). Apoptotic HT-29 cells exposed

to LcrSs.3p were determined by Annexin V-FITC and PI double staining followed by flow

cytometric analysis (panel C). All experiments were performed on at least 3 separate occasions.

*#%P<(0.001 for change versus contrel:
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Figure 4. Incubation with LcrSs_3p increased the numbers of Annexin V positive cells in a
time- and dose-dependent manner. Lymphocytes (m), monocytes (=) or THP-1 cells (o) (1x 10°
per test) were collected after incubation with LcrSs 3 for varying times (panel A) and for doses
ranging from 3.125 to 25 pg/ml (panel B). Cell apoptosis was determined by double staining with
Annexin V-FITC and PI. Results are mean = standard error of the mean from triplicate cultures.

*P<0.01 for change versus control.
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Figure 5. Cytofluorometric analysis of mitochondrial membrane potential (4%¥m). One

representative analysis of 4¥m in monocytes after stimulation with varying concentrations of

LcrSs.s0 (panel A). Respective percentages of cells with depolarized mitochondria (%4 ¥m) are

indicated in the upper box of each group (7.66, 11.59, 13.71 and 56.43%, respectively). Thus, a

decrease in 4¥m corresponds to an increase in percent of monocytes %4%¥m. JC-1 red

fluorescence/JC-1 green fluorescence ratio for lymphocytes, monocytes and THP-1 with

depolarized 4%¥m, with or without the LcrSs.3¢, for varying times (panel B). *P<0.01 for change

versus control.
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Figure 6. LcrSs_3) causes decreased Bcl-2 expression, increased Bax and caspase 9
expressions, cytochrome c (Cyt c) release and caspase 3 activation. Monocytes and THP-1
cells (1x10°) were treated with or without 20pg/ml of LerSs.s for indicated times. mRNA was
detected by RT-PCR (panel A), and the protein levels were determined by Western blot (panel B).
Both the mRNA and protein expressions of actin were internal controls. Cells were incubated
with FITC-conjugated anti-active caspase-9 antibody and analysis by flow cytometry (panel C).
Monocytes and THP-1 cells exhibiting positive intracellular active caspase-9 fluorescence were
enumerated, and the results are expressed-as a percentage ofithe total number of cells analyzed.
Results are mean + standard errorof the mean. of 3 individual experiments. *P< 0.01 for change

versus control.

124



IL-1 beta (pg/mL)

IL-6 (pg/mL)

900

W Lymphocyte
O Monocyte
800 I O THP-1
700
600
500
400
300
200
100 ' "
]
0 2t .
cons® VP ep ¥ e
PS*L A\
\
1400
N lymphocyte
L1 Monocyte
1200 T LI THP-1
1000
800
il
600
400
200 .
» »
- B &t
o S O 0

125



IL-8 (pg/mL)

TNF-alpha (pg/mL)

6000

2000

4000

3000

2000

1000

1800
1600
1400
1200
1000

800

600

200

H lymphocyte
U Monocyte
OTHP-1

\ P2
¥ Lymphocyte
H Monocyte
\ OTHP-1
]
ﬂ » i
o\ = 0 Q
O \P \,0‘55'3 \'0‘56-3

126



Figure 7. Inhibition of cytokine production by LcrSs_3p by lymphocytes, monocytes and

THP-1 cells. Cell culture bioassay were performed by stimulating lymphocytes (m), monocytes

(m) or THP-1 cells (o) with E.coli-derived LPS and 25 pg/ml of LcrSs.39. Human IL-10 (panel A),

IL-6 (panel B), IL-8 (panel C) and TNF-a (panel D) cytokine were determined in culture

supernatants by sandwich ELISA following cell culture. Each bar represents mean + standard

error of the mean of 3 individual experiments. *P< 0.01 for change versus LPS.
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Figure 8. LcrSs_3) induced TGF-f1 production and promoted TGF-p independent apoptosis.
Human TGF-B1 quantities were determined by TGF-B1 specific ELISA in culture supernatants
following lymphocytes (m), monocytes (=) or THP-1 cells (0) culture (panel A). THP-1 cells
were treated with TGF-B1 or LcrSs.30 in the absence or presence of 1pug/ml of TGF- inhibitor,
SB431542, for 24 h (panel B). Cell apoptosis was determined by double staining with Annexin V-
FITC and PI. T Results are mean + standard error of the mean from triplicate cultures. *P< 0.01
for change versus LPS. *** P<(.001 for change versus 1ng/ml SB431542 versus the respective

control.
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