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ABSTRACT
Probiotics are microorganisms that may provide health benefits including maintaining
intestinal homeostasis, and preventing diarrhea associated with infection. Probiotic bacteria of
different genera, species, or even different strains may have distinct health benefits. In the past
few years, probiotic-containing products, including yogurts and dietary supplements, have gained
popularity among consumers. Bifidobacterium animalis subsp. lactis (BAL) is widely used in
yogurt and studies have suggested that it may possess anti-inflammatory activities in the context
of Inflammatory Bowel Disease (IBD), which refers to conditions of recurring gastrointestinal
tract inflammation including Ulcerative Colitis (UC) and Crohn’s Disease (Cdis). In the U.S.
alone, about 3 million people were affected by IBD as of 2015 and the total annual cost has been
estimated to be $31 billion. The objective of my current study was to compare the potential antiinflammatory efficacy of a panel of genetically distinct BAL strains in two in vitro models
relevant to IBD: tumor necrosis factor (TNF)--stimulated HT-29 human colon cancer cells and
lipopolysaccharide (LPS)-stimulated RAW264.7 mouse macrophage cells. The former is a model
of epithelial inflammation, whereas the latter is a model of innate immune system-mediated
inflammation. I hypothesize that different strains of BAL will differentially reduce proinflammatory markers in vitro.
HT-29 cells were co-incubated with one of 5 of BAL strains (Bl-04, Bi-07, DSM 10140,
ATCC 27673, BB-12) for 12 h and then stimulated with TNF-α for 6h. Changes in cell culture
medium pH, HT-29 cell viability, secreted interleukin (IL)-8 levels, mRNA levels of IL8 and
chemokine (C-C motif) ligand 20 (CCL20) were examined. Stimulation with TNF-α significantly
increased secretion of IL-8 by HT-29 cells. Co-incubation with BAL strains reduced the
production of IL-8 in a strain-specific manner. Bl-04, Bi-07, ATCC 27673, DSM 10140 and BB12 reduced IL-8 by 19%, 24%, 39%, 43%, 61% respectively. These reductions occurred in the
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absence of significant changes in HT-29 cell viability. The BAL strains decreased the pH of the
cell culture media in a strain-specific manner and a positive correlation between lower medium
pH and decreased IL-8 levels was observed. The mRNA levels of IL8 were not significantly
changed by BAL treatment.
RAW 264.7 cells were co-incubated with one of 5 of BAL strains (Bl-04, Bi-07, DSM
10140, ATCC 27673, BB-12) for 12 h and then stimulated with or without LPS for 8h. Changes
in the cell culture medium pH, RAW 264.7 cell viability, secreted TNF-α and nitric oxide (NO)
levels, and mRNA levels of Tnfa, nitric oxide synthase (Nos)2 and Il6 were examined. The BAL
strains, in the absence of LPS treatment, increased production of TNF-α (67 – 158-fold) and NO
(8-fold). Stimulation with LPS significantly increased secretion of TNF-α and NO by RAW 264.7
cells. Compared to the stimulated control, Bl-04 (18% decrease), DSM 10140 (18% decrease),
ATCC 27673 (37% decrease) and BB-12 (44% decrease) significantly reduced TNF-α production
by stimulated RAW 264.7 cell. ATCC 27673 (25% decrease) and BB-12 (30% decrease)
significantly mitigated the stimulatory effects of LPS on NO production. Positive correlations
between lower medium pH and decreased levels of TNF-α or NO were observed. BAL increased
mRNA levels of Tnfa (4 – 13-fold), Nos2 (42-fold) but not Il6. In LPS-stimulated RAW 264.7
cells, treatment with BB-12 significantly reduced Tnfa (50% reduction) and Il6 (57% reduction)
mRNA level while Bi-07 increased Il6 mRNA level by 50%; other strains did not have obvious
effects on mRNA levels. These results are somewhat confounded, however, because BAL
treatment significantly reduced the viability of RAW264.7 cells, and thus we are unable to
determine whether the effect of BAL in this model are due to direct anti-inflammatory effects or
are secondary to BAL-induced cytotoxicity.
Based on SNP analysis comparing Bi-07 and BB-12, we speculate that differences in
genes involved in carbohydrate metabolism may contribute to the strain-specific differences in
immune effects of BAL. Specifically, the SNP located in the gene of putative glucose uptake
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permease (glcU) was shown in a previous study to be associated with different glucose uptake
rates observed in BB-12 (higher rate) and Bi-07 (lower rate). The SNP in the gene of thiamin
precursor transporter (THMP) may influence the metabolism of thiamin, which is an important
co-factor for key enzymes in bifid shunt. In addition, other SNPs fall into gene sequences with
unidentified function. It cannot be discounted that these SNPs play a role in the strain-specific
effects observed, as such further investigation is needed to directly examine the impact of these
SNPs on the immunomodulatory effects of BAL.
The present research represents an initial systematic study on strain-level differences in
the anti-inflammatory effects of BAL. Understanding the impact of strain-level differences will
provide a rationale for selection of a specific strain to maximize anti-inflammatory efficacy.
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Chapter 1 Background

1.1 Introduction to Probiotics
Definition and Proposed Health Benefits
According to the modified FAO/WHO definition, probiotics are ‘live microorganisms
that, when administered in adequate amounts, confer a health benefit on the host’ (1). Since
probiotic properties are considered to be strain related (1,2), strain identification is important and
often complicated by the fact that many ’strains’ are closely related and poorly characterized (3).
Originally isolated from commensal microflora or the environment, probiotics can be
incorporated into yogurt, beverages, and other food products, as well as, dietary supplements to
deliver putative health benefits such as exclusion of pathogens, maintenance of healthy
microbiota, prevention of diarrhea caused by infection, and amelioration of intestinal diseases (4–
6). Many probiotics used in commercial products belong to the genera Bifidobacterium
(adolescentis, animalis, bifidum, breve and longum etc) or Lactobacillus (acidophilus, casei,
fermentum, gasseri, johnsonii, paracasei, plantarum, rhamnosus and salivarius etc) (1). Research
has shown that probiotics may modulate intestinal inflammation via regulatory T cells, inhibition
of pathogen adhesion, and enhanced barrier function of intestinal epithelial cells (IEC) (7–9).

Regulation on Claims for Probiotics
In the U.S., probiotics are sold as dietary supplements and do not require Food and Drug
Administration (FDA) approval before they are marketed. If sold as a dietary supplement,
manufacturers can make structure-function claims that describe how it maintains normal
functioning of the body. However, the manufactures must state in a disclaimer that FDA has not
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evaluated the claim (10). The FDA has not approved probiotics for the prevention or treatment of
any disease.
According to the consensus of a panel of experts in probiotic research, in order for a
probiotic product to be assigned a specific health claim (e.g. ‘helps reduce the risk of antibioticassociated diarrhea’ or ‘helps to reinforce the body’s natural defense in children’), the strain(s)
used should be identified and remain viable at efficacious doses at the end of shelf-life (11).
Human studies using single strain or combination strains are required to evaluate the efficacy of
the probiotic product (1,12).

Probiotic Market
There is a large market for probiotics/prebiotics products. According to the National
Institutes of Health (NIH), in 2012 probiotics/prebiotics were the third most used natural
supplement product consumed by approximately 3.9 million adults and 294,000 children. In
2012, the use of probiotics or prebiotics by adults in the U.S. was four times higher than in 2007.
Based on the Global Industry Analysis Report, in 2017 the global probiotics market is worth
about $48 billion and is rapidly growing, especially in Asia-Pacific area (13).

Outstanding Questions
Several important questions remain regarding the potential health benefits of probiotics.
1. The strain-specific health-related effects of probiotic bacteria need to be carefully investigated
and compared. 2. Large and well controlled clinical trials are necessary to substantiate their
proposed health benefits (14). 3. Beyond the effects on gastrointestinal tract, the role of probiotics
in microbiota-influenced conditions such as diabetes, the metabolic syndrome and obesity are
being investigated. Since probiotics can modulate gut microbiota (4), they have the potential to
affect these diseases (15).
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1.2 Introduction to Bifidobacterium animalis subsp. lactis (BAL)

1.2.1 Bifidobacterium
Bifidobacteria are gram-positive, heterofermentative, non-spore forming rods.
Bifidobacterium was first isolated from feces of a breast-fed infant and it has been found in social
insect such as honeybee and bumblebee (16). So far, 6 habitats have been identified for
bifidobacteria, including human intestine, oral cavity, insect and animal intestine, sewage, and
raw milk (17,18).
The genus Bifidobacterium has been classified into 48 taxa, including 39 species and 9
subspecies (19). The genomes of many Bifidobacterium taxa, including the type strain for each
(19) are publicly available in GenBank. The species with the highest number of genome
assemblies available are B. longum (89 assemblies), B. breve (54 assemblies), B. animalis (34
assemblies) and B. bifidum (33 assemblies). For most of the genome assemblies the strain
identifications were specified.
Bifidobacterium can utilize glucose, galactose, lactose and fructose as carbon source.
When growing in laboratory media, the major acid produced by bifidobacterial is acetic acid,
followed by lactic acid and formic acid (20–22). Many Bifidobacterium species, such as B.
longum, do not produce butyric and propionic acids (23).
Bifidobacterium has gained much attention because of its potential ability to modulate
intestinal immune system. Many clinical trials were carried out looking at effects of
Bifidobacterium on intestinal inflammation. A mixture of anti-inflammatory and proinflammatory effects of Bifidobacterium were observed. Details of these studies will be discussed
in section 1.4.
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1.2.2 BAL
B. lactis was originally isolated from a commercial yogurt sample (24) and was later
reclassified as a subspecies of B. animalis known as BAL (25). To date, at least 24 BAL strains
have been identified (26). BAL are used in many probiotic products sold in North America and
Europe (27–29). BAL is commercially-important and widely used in the food industry because of
its adaptation to technological stress in dairy processing such as acidity and oxidative stress
(21,30). BAL are also resistant to stomach acid and bile salt in human gastrointestinal tract (31).
The tolerance of BAL towards bile salt has been associated with their production of
exopolysaccharides (EPS) (32).
A number of clinical studies have suggested the potential health beneficial effects of
BAL against gastrointestinal disorders and allergic processes (33). A number of BAL strains such
as BB-12, HNO19, Bi-07, B1-04, B420 and Bf-6 are certified as Generally Recognized as Safe
(GRAS) by USDA (GRAS Notice 000445 and 000377). These attributes make BAL ideal
candidates as probiotics to be incorporated in food.

Carbohydrate Metabolism by BAL
BAL strains can utilize carbohydrates such as galactose, ribose, glucose, lactose, sucrose,
galactooligosaccharides and fructooligosaccharides (34,35). BAL can metabolize glucose,
galactose, ribose and xylose to yield acetic and lactic acids (36). The central fermentative
pathway of BAL is called the ‘bifid shunt’ (37). This pathway is unique to Bifidobacterium
species and more efficient than the Embden-Meyerhof-Parnas (EMP) pathway (yielding 2.5 vs 2
mol ATP per mol of glucose). The xylulose-5-phosphate/fructose-6-phosphoketolase (XFPK) in
bifidobacteria directly converts fructose-6-phosphate (fructose-6-P) to acetyl phosphate without
using ATP. Acetyl phosphate is then converted to acetate to generate ATP. Meanwhile, xylulose-
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5-P, a metabolic intermediate of fructose-6-P produced through the catalytic activity of
transketolase (TK) (38), is converted by XFPK to 2-glyceraldehyde-3-P which is then converted
to lactate to generate ATP. Both TK and XFPK are thiamin diphosphate-dependent enzymes.
Theoretically, when using glucose, bifidobacteria can produce acetic acid and lactic acid in a
molar ratio of 1:1.5 (39). It has been confirmed experimentally that in BAL BB-12, the bifid
shunt is the only pathway by which glucose and lactose can be utilized (40). Sequences of four
BAL strains (DSM10140, AD011, Bl-04 and BB-12) (3,41,42) suggested that they have limited
or no ability to metabolize polymers consisting of arabinofuran, arabinogalactan, arabinan,
cyclodextrin, xylan, or sugar alcohols (30). Differences in carbohydrate fermentation patterns and
glucose uptake represent the main phenotypic difference among commercial BAL strains (26).
The magnitude of these differences is somewhat confounded by the fact that fermentations
patterns also differ based on the culture medium used in individual studies.

Conservation and Diversity of the Genomes of BAL Strains
Since many attributes of probiotics maybe strain-specific (discussed further in section
1.5), it is important to differentiate strains. For BAL, there is limited variability among gene
sequences of the strains (3,43). Due to the monomorphic nature of BAL, differentiation of BAL
strains is difficult to achieve using pulsed-field gel electrophoresis and randomly amplified
polymorphic DNA- polymerase chain reaction (PCR) (16). Thus, a method was developed where
50 BAL loci were sequenced to generate patterns of single-nucleotide polymorphism (SNP) and
insertions and/or deletions (INDEL). As a result, 24 BAL strains were differentiated into 14
distinct genotypic groups (26). Additionally, minisequencing assay based on the primer extension
reaction and targeting multiple SNP offered a simple and rapid solution for BAL strain
differentiation (44).
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The comparison of some well-characterized genomes of BAL strains demonstrated their
genetic similarities and differences. Comparison of the genomes of DSM 10140, the BAL type
strain, and Bl-04, a widely used commercial strain (3), revealed a high degree of genome
conservation (3). There were 47 SNPs identified, including 39 SNPs in coding regions of the
genome. Of these, 31 were nonsynonymous mutations. Four INDELs were identified including
INDEL2, a 54-bp sequence within the long-chain-fatty-acid-coenzyme A ligase gene that is
present in DSM 10140 but not in Bl-04 genome. Long-chain-fatty-acid-coenzyme A ligase gene
is also present in B. longum and may play a role in fatty acid utilization (45). In addition, Bi-07, a
strain with potential immune benefits (46) and established safety (47), is also very close to Bl-04
and DSM 10140 in terms of genome size, organization and sequence (3).
American Type Culture Collection (ATCC) 27673 is a unique BAL strain with novel
genetic content (48), containing 12,053 SNPs compared to the sequence of DSM 10140. The
majority of SNPs identified were nonsynonymous. In comparison to Bl-04 genome, which can
represent that of the other sequenced BAL strains, ATCC 27673 genome contains six genomic
islands. In most of the genomic islands, transposases, phage elements and other mobile genetic
element were identified. BB-12 is one of the most well-studied BAL strains and is used widely in
probiotic products (31). BB-12 is the second most divergent strain after ATCC 27673, with 340
407 SNPs when compared to the other sequenced non-ATCC 27673 strains of BAL (48).
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1.3 Inflammatory Bowel Disease (IBD)

1.3.1 Introduction
IBD refers to conditions of recurring gastrointestinal tract inflammation. Two major
diseases of IBD include Ulcerative Colitis (UC) and Crohn’s Disease (Cdis). Both diseases tend
to be mild in the beginning but worsen over time. UC is often confined to the mucosa and
restricted to the large intestine while Cdis is transmural and may affect any part of the
gastrointestinal tract (49).
Typical symptoms in mild IBD include long-term minor disturbances of bowel habit,
manifested by increased stool frequency and decreased stool consistency, abdominal pain, weight
loss and fatigue (50). In more severe IBD such as Crohn's (granulomatous) colitis, a type of Cdis,
symptoms include diarrhea, rectal bleeding, and disease around the anus (abscess, fistulas,
ulcers). Skin lesions and joint pains are more common in this form of Crohn's than in others (51).
Apart from suffering from the above symptoms, IBD patients also have lower quality of
life than healthy population (52). Quality of life is a subjective index which is measured by health
perception and function, embraces of physical, social activities, and emotional performance.
About 1 in 4 IBD patients have the disease present in childhood. In these patients, growth
failure may occur which is characterized by delayed skeletal maturation and onset of puberty
(53). Growth failure is more common in Cdis than in UC.
Research has shown that both UC and Cdis increase the risk of colorectal cancer by
approximately 5-fold. It has been speculated that the IBD-related and sporadic colon cancer may
be caused by long-term bacteria-induced inflammation (54).
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1.3.2 Epidemiology and Health Burden
In U.S. and Europe, IBD affects an estimated 3 million (55) and 2.2 million people (56),
respectively. There is a progressive rise in the incidence of IBD in many Asian-Pacific countries
(57). For instance, Japan has seen a three-fold increase in the number of UC and Cdis patients
since the early 1990s, the total number being greater than 100,000 (58). The age for diagnosis is
most commonly between 15 40 years of age, although both UC and Cdis can occur at any age.
Based on data from the Olmsted County Study (Minnesota, U.S., 1940-2000), the median age
was 33 years for UC diagnosis and 29 years for Cdis (59). Meanwhile, in Asia-Pacific area,
median age at diagnosis was 39 years for both UC and Cdis patients (60). There were 57.6%
males and 42.4% females among Asian-Pacific IBD patients, which was similar to the finding of
Olmsted County study (59).
According to the U.S. Centers for Disease Control and Prevention, in 2015 an estimated 3
million U.S. adults had ever received a diagnosis of IBD, which was a large increase from 2
million U.S. adult suffering from IBD in 1999 (55,61). The estimated annual cost of IBD in U.S.
is about $31 billion which includes direct medical expense (62) and cost due to patients being out
of work force (63).

9
1.3.3 Risk Factors
The specific etiology of IBD remains unidentified (64,65), however, studies have shown
that many genetic and environmental factors are involved in the development of IBD, which
complicates understanding of the pathogenesis of these diseases (66).
Genetic factors may influence susceptibility to IBD but being positive for one of these
factors does not necessarily lead to the development of IBD (36,37). The first gene to be linked
with IBD was nucleotide-binding oligomerization domain 2 (NOD2) (69). This gene is expressed
in macrophages and can activate nuclear factor (NF)-κB leading to cellular inflammatory
responses. Subsequently, 163 distinct risk loci and a large number of genes potentially associated
with IBD susceptibility have been identified. These genes play roles in innate immune response,
maintenance of epithelial barrier integrity, response to oxidative stress and so on (70).
IBD has been associated with a variety of environmental factors (66). Smoking is found
to have differing effects on Cdis and UC (71,72). There was a positive association between
current smoking and Cdis (odds ratio [OR] = 1.76) and former smoking and UC (OR = 1.79).
Current smoking is associated with reduced risk for the development of UC when compared with
never-smokers (OR = 0.58). Use of antibiotics in early life has been associated with increased
risk of developing IBD: it is hypothesized that this is due to disturbance of the gut microbiota
(66). Infections, such as caused by Clostridium difficile, can often trigger relapse in IBD (73). In
addition, higher socioeconomic groups are more likely to develop Cdis, possibly because better
hygiene reduced exposure to critical bacteria such as infectious bacteria, gut flora or probiotics
(74). A study carried out on IBD patients in Nottingham, UK found that a significantly higher
proportions of the 260 patients were female, married, and in managerial or skilled manual
occupations (75). Some other environmental factors include appendectomy, microbiota,
medications, diet and life style (66,74). Epidemiological data suggests that alteration of
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microbiota at a young age is associated with IBD: larger family size, early life exposure to pets
and farm animals are inversely associated with risk of IBD; breastfeeding seems to be protective
(76,77). A diet with sufficient amount of fiber has been consistently demonstrated to be protective
against IBD. For example, an analysis of the Nurses’ Health Study found that women in the
highest quintile of long-term fiber intake had a reduced risk of developing Cdis (hazard ratio =
0.59) (78). The inverse association was stronger for fiber from fruits and vegetables compared to
whole grains. The potential protective effect of fiber against IBD may derive its ability to help
maintain a healthy population of the gut microbes (79,80).
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1.3.4 Molecular Pathology
Role of the Epithelium in Intestinal Immune System Inflammation
IEC play important roles in nutrient absorption and metabolism. IEC facilitates the
absorption of dietary nutrients, electrolytes and water from the intestinal lumen (81–83). They
also produce glycoproteins, glycolipids and enzymes that catalyze final steps of carbohydrates
and proteins digestion (84). In the context of intestinal immunity, the main functions of IEC are
their barrier function and integration of microbial signals (85). IEC are tightly linked to each
other by tight junction proteins, which prevent paracellular movement of intestinal components
from the luminal to the basolateral side of the epithelium. Secretory IEC also produce mucins and
antimicrobial proteins, which forms both a physical and biochemical barrier between
microorganisms in the luminal environment and the epithelial surface as well as the underlying
immune cells (86).
IEC act as the first line of defense in encounter with luminal microorganisms. IEC
express pattern-recognition receptors (PRRs), including toll-like receptor (TLR) and NOD-like
receptor (NLR) that enable them to act differentially to commensal and pathogenic
microorganisms (87). Also, IEC can communicate with intestinal immune cells to coordinate
immune response to microorganisms (discussed later in this section).

Key Pathways and Cytokines in the Epithelium
The NF-κB signaling pathway in mammalian cells controls the expression of a number of
genes with functions related to inflammation and apoptosis (88). In its native state, NF-κB protein
is bound to inhibitor of  (IκB) protein. Upon activation by stimuli such as tumor necrosis factor
(TNF)-, IκB is degraded releasing NF-κB which then translocates to the nucleus and activates
transcription of target genes (89). In terms of immune response, NF-κB pathway leads to different
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responses depending on cell type (90). For IEC, a major product upon TNF-α or pathogen
stimulation is interleukin 8 (IL-8) (91,92). IL-8 is a cytokine that can recruit neutrophils to
interstitial sites and activate them (93,94). The accumulation of neutrophils in tissue to
phagocytose and kill invading organisms is characteristic of IBD-related inflammation and can
lead to damage to healthy tissue (93).
Chemokine (C-C motif) ligand 20 (CCL20) is another pro-inflammatory cytokine
produced by IEC during inflammation (95). It recruits B cells that express C-C chemokine
receptor type 6 (CCR6), a chemokine receptor for CCL20, to Peyer’s Patches. The expression of
CCL20 and CCR6 were shown to be enhanced in both UC and Cdis patients and IEC seem to be
particularly involved in the CCL20 response (96,97).
Cyclooxygenase (COX)-2 is an enzyme involved in the conversion of arachidonic acid to
prostaglandin H2, a key molecule in generation of inflammatory response (98). COX-2 is induced
in large intestinal epithelium in active human IBD (99).

Role of the Immune Cells in Intestinal Immune System
Many intestinal immune cells including B cells, T cells, macrophages and dendritic cells
(DC) are located in Peyer’s Patches, which refers to the lymphoid follicles located beneath the
epithelium (100). In adults, B cells dominate the germinal centers of follicles while T cells are
found in the zones between follicles. Mononuclear cells such as cluster of differentiation (CD)
4+/CD25+ cells and CD8+/CD25+ cells are also present (100), which can give rise to macrophage
and DC during inflammation (101). DC in the Peyer’s Patches can sample bacteria in the intestinal
lumen via transcytosis and can activate naïve T cell in Peyer’s Patches or migrate to mesenteric
lymph nodes to initiate adaptive immune response (102). Subsequently, activated T and B cells
leave these lymphoid tissues and travel via bloodstream to the intestinal lamina propria (103).
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Apart from recognizing pathogenic bacteria and triggering immune response, intestinal
innate immune cells are also responsible for generating tolerance to commensal bacteria and food
by adaptive immune system. CD103+ DC are subject to regulation of epithelial cells to acquire a
tolerogenic phenotype and subsequently they induce regulatory T cells (102). Yet some commensal
bacteria can stimulate the differentiation of inflammatory T cells (T helper [Th]17 and Th1 cells)
via activation of inflammatory DC (104).
Key Pathways and Cytokines in Macrophage
The macrophage plays an important role in innate immunity by serving as first-line of
defense against invading pathogens. Bacterial lipopolysaccharide (LPS) can be recognized by
CD14 or TLR4 (105), which leads to activation of the NF-kB pathway in macrophages and
subsequent production of NO and cytokines such as TNF-α and IL-6. While the cytokines recruit
other immune cells and further increase inflammation, NO acts as a free radical and can kill
pathogens and tumor cells (106). While NO itself is not cytotoxic, it reacts with superoxide anion
to generate peroxynitrite which can damage the cell membrane and DNA (107). NO is formed via
the action of nitric oxide synthases (NOS). One isoform, inducible NOS (iNOS), is synthesized
upon stimulation of pro-inflammatory cytokine and has longer bioactivity than its counterparts,
endothelial NOS and neural NOS (107).
IL-1β is a pro-inflammatory cytokine produced by stimulated macrophage, which can
induce IL-6 (108) and TNF-α (109). In humans, treatment with IL-1β receptor antagonists has
been shown to attenuate diseases including recurrent pericarditis and rheumatoid arthritis,
indicating the important role that IL-1β plays in inflammation (110).
IL-10 is an anti-inflammatory cytokine produced by macrophage as well as T and B
lymphocytes, and intestinal epithelial cells. Interestingly, often IL-10 production by macrophage
is induced along with pro-inflammatory cytokines. The pathways involved in IL-10 expression
may downregulate the expression of the pro-inflammatory cytokines such as IL-6 and TNF-α
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(111), attenuating the drastic inflammation that may happen under stimulation such as LPS or
TNF-α. It remains unknown which cells are induced to produce IL-10 during an immune response
to pathogens and which IL-10-producing cells are required to prevent host damage or inhibit
immune responses (112).

Interaction between the Epithelium and the Immune Cells
IEC can directly modulate adaptive immune system via the production of the B cellstimulating factors including proliferation-inducing ligand and B cell-activating factor (113,114).
In response to commensal bacteria-derived signals (such as ones from Clostridium), IEC can also
produce thymic stromal lymphopoietin (TSLP), transforming growth factor-β (TGFβ) and IL-25
(115,116). These molecules promote the development of DC and macrophages with tolerogenic
properties, including the production of IL-10 and retinoic acid (117).
Among a diverse population of mononuclear phagocytes, two distinct groups have been
characterized which are pre-DC-derived CD11c+CD103+ DC (CD103+) and monocyte-derived
CD11clow F4/80+ CX3CR1hi intestine-resident macrophages (CX3CR1hi). Upon activation
CD103+ cells can migrate to secondary lymphoid tissues and present antigens to adaptive
immune cells. Under the influence of IEC at the intestinal barrier, CD103+ cells promote immune
tolerance through TGF- and retinoic acid-dependent differentiation of forkhead box P3 positive
(FOXP3+) regulatory T cells (118). In addition, IEC can induce retinoic acid production by
CD103+ cells, facilitating naïve T cell maturation based on antigen specificity and guide mature
cells to the original site of antigen encounter (119).
In contrast to CD103+ cells, CX3CR1hi cells do not migrate but remain close to IEC.
CX3CR1hi cells are active as phagocytes to mediate clearance of pathogens and commensal
bacteria that traverse the epithelial barrier. TLR signaling in IEC can induce the extension of
transepithelial dendrites of CX3CR1hi cells, which can sample antigens in the lumen (120). TSLP,
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TGFβ and retinoic acid produced by IEC can modulate CX3CR1hi cells so that they promote
survival and of regulatory T cells (121). Also, through direct contact of the two type of cells,
expression of the integrin ligand semaphorin 7A by IEC can induce IL-10 expression by CX3
CR1hi cells, which promotes immune tolerance in the lamina propria (122).

Pathology of IBD
Cytokines play important roles in IBD. IL-8 could lead to tissue damage and granuloma
formation seen in IBD (74). Furthermore, it was found that TNF-α upregulated the expression of
NOD2 in epithelial cell lines in vitro (123). Overexpression of NOD2 in LPS-treated SW620 cells
(colon epithelial cells), which was achieved using target plasmid transfection, led to significantly
higher levels of IL8 mRNA compared to control cells (123). TNF-α, IL-6 and IL-1 β were
secreted in higher amounts by lamina propria mononuclear cells from IBD patients compared
with that of healthy individuals (124). Serum IL-6 level has been considered a clinically relevant
indicator of inflammation in Cdis. The frequency of relapse is correlated with IL-6 level during
remission and IL6 mRNA level from Cdis patient biopsy specimen was shown to be elevated
(125,126).
Although macrophage stimulation is beneficial during invasion by pathogens or in
eliminating tumor cells, long term macrophage activation may lead to chronic inflammatory
conditions including IBD and arthritis (127). Overproduction of TNF-α also causes a series of
cascade events perpetuating inflammation, e.g. stimulating intestinal epithelial cells to produce
IL-8 that activates and attract other immune cells. Therefore, reducing production of NO and
cytokines by macrophage may improve chronic inflammatory conditions.
Additionally, in UC patients but not Cdis patients, NO synthase activity in the colonic
mucosa was higher than that in healthy colonic mucosa (128). The observed induction of NO
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synthase may derive from resident macrophage, epithelial cells or other mucosal cells and can
increase vascular permeability that exacerbates inflammation (129).
Long-term mucosal immune stimulation in IBD has been linked to increased permeability
of intestinal epithelial cells which act as a barrier between the lumen of the gastrointestinal
system and the systemic circulation (130). Studies have shown increased gut epithelium
permeability can be induced by inflammatory cytokines such as TNF- and interferon-γ (IFN)-γ.
IFN-γ increases permeability in T84 cells (epithelial cells) by inducing endocytosis of tight
junction proteins (131). Also, a study in Caco-2 cells suggested that IFN-γ and TNF- have
synergistic effect where pre-treatment with IFN-γ primed the cells to respond to TNF- leading
to increased permeability (132).
Chronic inflammation may also be due to intolerance to commensal microorganisms.
When co-incubated with sonicates from resident intestinal bacteria, lamina propria mononuclear
cells from inflamed intestinal area of IBD patient show increased proliferation and production of
IL-12 and IFN- compared to those isolated from non-inflamed intestinal tissues of IBD patients
as well as ones isolated from healthy subjects (133).
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1.3.5 Treatment
Although IBD rarely increases mortality for the patients, often life-long management of
the condition is required (50). Currently medications include anti-inflammatory and
immunomodulatory agents such as 5-aminosalicylates (5-ASA), corticosteroids, antibiotic and
anti-TNF agents (134). 5-ASA is a mainstream drug in treating active UC although it has little
effects in Cdis (134). It functions by inhibiting the metabolism of arachidonic acid preventing the
generation of mucosal leukotrienes and prostaglandins (135). Corticosteroids are used to induce
remission for both Cdis and UC patients. They are popular because of the low cost and ease of
access but they are immunosuppressive and can increase risk of infection in patients (136). AntiTNF monoclonal antibodies can bind to TNF-α thus antagonizing its biological effects (137).
Limitation of some of the immunomodulatory agents include increased the risk for skin cancer
and lymphoma. For anti-TNF agents, responders may experience loss of response as years pass.
In addition, these anti-inflammatory agents may increase susceptibility to infection in patients.
Patients using corticosteroids and anti-TNF may have higher risk for complex secondary
infections of mycobacteria and fungi related diseases (134).
Apart from managing IBD using medication, surgery is required for some patients. About
20% UC patients need to undergo an operation during their lifetime (138). A common surgery is
ileoanal pouch anastomosis which offers permanent cure (139). Up to 80% of CD patients need
intestinal resection surgery. In contrast to UC, surgery for Cdis is only indicated for patients that
are unresponsive or intolerant to medications. The most common surgical procedure is ileo-cecal
resection and primary reconstruction, which is indicated for patients with Cdis of distal ileum
and/or ileo-colon (139).
Despite available treatment options, 90% of UC patients have at least one relapse of
active symptoms within 25 years of diagnosis (140). This indicates a space for the development
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of new safe and effective approaches to manage and treat IBD. One of the potential future
directions is modulation of intestinal microbiome. Additional research is needed to elaborate the
microbiome abnormalities in IBD to evaluate the potential use of probiotics and diet as means of
modifying the gut microbiome (134). Fecal microbiota transplantation is another therapy which is
safe and potentially effective in treating IBD. Further research is needed to determine frequency
of administration and donor selection criteria (141,142).
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1.4 Immune modulatory effects of Bifidobacterium
Studies have reported that various species of Bifidobacterium may modulate intestinal
immune system. However, the results have been mixed with some studies finding antiinflammatory effects, whereas others finding pro-inflammatory effects. The seemingly conflicting
conclusions on the immune effect of Bifidobacterium may be attributed to species-specificity,
strain-specificity, differential experimental conditions or a combination of these factors.

1.4.1 Anti-inflammatory Effects of Bifidobacterium
Studies in HT-29 Human Colon Cancer Cell Models
Many previous studies used HT-29 human colon cancer cells as a model of the colon
epithelium (143–146). HT-29 cells can be stimulated with TNF-α or LPS to induce a proinflammatory response and thus used as an in vitro model to investigate the immunomodulatory
effect of probiotics. A study of B. bifidum Yakult and B. breve Yakult found that 6h treatment of
TNF--stimulated HT-29 cells with bacteria-conditioned media (CM) reduced IL-8 production
by 40% and 20%, respectively (147). Treatment with heat-killed cells had no significant effect.
Another study found that pre-treatment of HT-29 cells with viable B. longum NCC2705
and B. bifidum S17 (108 CFU/mL for 1h) prior to stimulation with LPS (10g/mL for 4h) reduced
IL-8 secretion by HT-29 as well as mRNA levels of IL8 (72% versus 69% reduction), TNFα
(66% versus 77% reduction) and COX2 (57% versus 44% reduction) in HT-29.
Previous preliminary studies in our laboratory have shown that co-incubation of TNF-stimulated HT-29 cells with one of 5 strains of BAL reduced IL-8 production in a strain-specific
manner. BB-12 and ATCC 27673 had the stronger effects (~ 59% reduction) than the other three
strains (28% 40%). B. animalis animalis (BAA) and L. rhamnosus GG (LGG) were selected as
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positive controls for comparative purpose (Yu, unpublished data, Figure 1-1). Although this
apparent strain specificity is interesting, these results were preliminary and required additional
confirmatory experiments.
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Figure 1-1. Impact of BAL strains on IL-8 production by TNF-stimulated HT-29 human colon
cancer cells (Yun Yu’s data). HT-29 cells were co-incubated with 6.85 x 107 2 x 109 CFU/mL
bacteria or without bacteria for 12h. Cells were then stimulated with 5 ng/mL TNF-for 6h and
IL-8 levels in the medium were determined by ELISA. Unstimulated control cells, BAA and LGG
were used for comparison. The co-incubation experiment included biological triplicates and was
repeated for five times. Error bars indicate standard error of means. Letters represent for grouping
based on one-way ANOVA and Tukey test results (p < 0.05).

Studies in RAW 264.7 Mouse Macrophage Cells
One study used RAW 264.7 cells stimulated by LPS (1μg ⁄ mL, 16h) to investigate antiinflammatory effects of B. breve (ATCC 15700), B. longum (ATCC 15697) and B. adolescentis
(ATCC 15703) (148). Treatment with viable B. breve (ATCC 15700) and B. adolescentis (ATCC
15703) (3 x 108 CFU/mL) during stimulation with LPS reduced mRNA level of il1b by 60% and
30%, respectively. B. longum (ATCC 15697) did not significantly attenuate the il1b mRNA level.
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B. adolescentis (ATCC 15703) also significantly reduced Tnfa mRNA level by 48% while the
other two strains had little effects.

Studies in Peripheral Blood Monocytes (PBMC)
Heat-killed B. bifidum Yakult and B. breve Yakult increased production of IL-10 in the
PBMC collected from 9 UC patients (147). Co-incubation of PBMC with heat-killed bacteria and
LPS (10μg/mL) for 48h increased IL-10 production in 8 out of the 9 or 6 out of 9 PBMC treated
with B. bifidum Yakult or B. breve Yakult, respectively, compared to LPS-stimulated control
cells.
A study with B. longum BL536 and B. lactis B94 showed that the two strain can induce
both pro-inflammatory and anti-inflammatory cytokine production by PBMC (149). In between
48h 72h of the co-incubation with live B. longum BL536 or B. lactis B94 (106 CFU/mL), there
were increase of IFN-γ (about 5-fold), IL-10 (about 25%) and TGF-β (about 10-fold). The
interaction between B. breve BB99, BAL BB-12, B. longum 1941 (106CFU/mL) with PBMC has
been examined with cell-free supernatants (CFS) of the bacteria (112). Within 48h 72h coincubation with CFS of B. breve BB99, PBMC produced more IL-10 (15%), less IL-12 (30%)
and less TNF- α (4-fold); co-incubation with BB-12 led to ~ 50% increase in IL-10 and a
decrease in IL-12 (25% decrease), whereas TNF-α remained roughly the same; co-incubation
with B. longum 1941 led to ~ 20% increase in IL-10, about 10-fold increase in IL-12, whereas it
did not affect production of TNF-α.

In vivo Studies in Models of IBD
B. longum was shown to prevent dextran sulfate sodium (DSS)-induced colitis in a strainspecific manner (150). Live bacterial suspension containing 2 x 108 CFU of B. longum 7952 or B.
longum 372 were fed to mice daily for 10 days followed by treatment with 2.5% w/v DSS in
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drinking water. Identification of the bacteria was performed on species level but not on strain
level. B. longum 7952, but not B. longum 372, reduced clinical symptoms and led to 50%
reduction in disease activity index. B. longum 7952 also preserved expression of tight junction
proteins, zonulin-1 and occluding, as shown by western blot result.
In SAMP1/Yit strain mouse, a model of Crohn’s Disease-like ileitis, milk fermented with
B. bifidum, B. breve and Lactobacillus acidophilus reduced production of TNF-α and IFN-γ while
increased production of IL-10 in mesenteric lymph nodes (151).
B. longum HY8004 attenuated 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis
in mice (152). B. longum HY8004 (2 x 1010 CFU per kg body weight) was orally administered
once a day from 3 days before TNBS treatment to the day before sacrifice. B. longum HY8004
led to 50% inhibition of lipid peroxidation of liposome, which might be linked to its protective
effect. B. breve K110 and B. catenulatum K309 were also examined but they did not show effects
in ameliorating the colitis.
In Sprague-Dawley rats (6 per treatment group) with DSS-induced colitis, B. infantis
15159 was able to attenuate the colitis (153). After feeding the rats B. infantis 15159 (3 × 106
CFU per day, in 3ml) disease activity was reduced significantly; myeloperoxidase activity and IL1 β were reduced by 50%  60%. Another B. infantis strain, 15158, had similar effects in rats but
did not significantly reduce the production of IL-β.
B. longum subsp. longum significantly increased IL-10 production (5-fold) and decreased
IL-12 by 30% in TNBS-treated rats (154). One week before TNBS enema, the rats were fed with
B. longum subsp. longum and followed with 3 weeks’ treatment of TNBS. In addition, B. longum
subsp. longum treatment decreased the time of body weight recovery to pre-colitis levels, and
slightly increased the survival rate of the rats.
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Human Intervention Studies
A study showed that BAL BB-12 reduced production of pro-inflammatory cytokines by
LPS-stimulated PBMC (155). Sixteen healthy adults were provided with BB-12 drink (3.5 x 1010
CFU/day) for 3 weeks before PBMC were collected and stimulated with 100ng/mL LPS for 24h.
Compared to placebo, BB-12 reduced production of a series of pro-inflammatory cytokines,
including IL-1β (20% reduction) and IL-6 (65% reduction).
A study on healthy young adults showed that 4-week long consumption of yogurt
smoothie containing live BAL BB-12 reduced TNF-α secretion by PBMC. Thirty recruited
participates were given yogurt smoothie that delivered 1010 CFU/day of BB-12. After 4 weeks,
PBMC were collected and stimulated with 10μg/mL heat-inactivated BB-12 or 10μg/mL LPS for
4h. Yogurt smoothie with BB-12 added post-fermentation significantly decreased TNF-α
production by PBMC stimulated with LPS or heat-inactivated BB-12 by 30% and 40%,
respectively. Neither yogurt smoothie, yogurt smoothie with BB-12 added pre-fermentation nor
BB-12 capsule (1010 CFU/day of BB-12) had significant effect on baseline TNF-α production.
Furthermore, it was determined that BB-12 interacted with PBMC via TLR-2. (156).
Reduced levels of Lactobacillus and Bifidobacterium has been found in colonic biopsies
of patients with IBD (13, 14). Bifidobacteria has been shown in some clinical studies to have a
protective effect against UC. A meta-analysis examined 9 randomized controlled clinical trials
that investigated the effects of probiotics on remission rates in UC patients (6). Five trials studied
VSL#3, two studied Bifidobacterium and two studied E. Coli. The meta-analysis showed that
only VSL#3 (a combination of 8 probiotic strains including B. breve, B. longum and B. infantis)
significantly increased remission rate in UC patients.
One clinical trial investigated the effect of B. longum coupled with prebiotic and found
that the synbiotic (a product containing probiotics and prebiotics) significantly improved
conditions in Cdis patients. A commercial prebiotic Synergy 1® (inulin-oligofructose, a growth
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substrate for B. longum, 6g/day) along with B. longum capsule (4 x 1011 CFU/day) were
consumed by the 35 participants every day for 6 months. Then Cdis Activity Index was calculated
based on clinical outcome (126) and rectal biopsies were evaluated using histological disease
activity scoring system. The results showed that the synbiotic significantly reduced Cdis activity
indices and histological scores, indicating improved condition. However, mRNA levels of
cytokines such as TNFα and IL1β were not changed significantly (157).
Not all clinical trials have yielded positive results. The results of some suggested that
probiotics have little effect in the context of IBD. For example, one small-scale clinical trial
recruiting 32 patients found that the combination of BAL BB-12 and L. acidophilus La-5 had the
tendency to help maintain remission but the effect was not clinically significant (158). After 1
year of treatment, more patients (5 out of 20) in the probiotic group than in placebo group (1 out
of 12) maintained remission. The median time to relapse was 125.5 days (range 11  391 days) in
the probiotic group and 104 days (range 28  369 days) in the placebo group. A systematic
review of clinical trials on probiotics concluded that there was not enough evidence to warrant the
use of probiotics in Cdis. Although data showed that probiotics contributed to remission in UC,
further studies are needed to confirm whether probiotics as well as prebiotics and synbiotics,
indeed have efficacy in the treatment of UC (159).

Potential Mechanisms of Anti-inflammatory Action
Research has been done to elucidate the factors that underlie immune effects of
probiotics. It has been reported that a heat-stable, secreted compound from B. bifidum and B.
longum with molecular weight lower than 3kDa was responsible for reducing IL-8 production by
LPS-stimulated HT-29 cells (160). The CM was adjusted to pH 7.4 before being filtered with a
3kDa molecular weight cut-off membrane and the filtrate was shown to confer anti-inflammatory
effect. Similarly, it has been reported that a compound of < 3kDa molecular weight secreted by B.
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breve and Streptococcus thermophilus was able to inhibit TNF-α production by PBMC (161). The
chemical nature of this secreted factor remains unknown.
An extracellular proteomic study of BB-12 revealed two secreted two proteins
(BIF_00825 and BIF_01398, molecular weight 52 kDa and 36 kDa, respectively) that were
associated with inhibition of TNF-induced intestinal epithelial cells (162). The proteins were
isolated from bacteria culture supernatant and identified using mass spectrometry. Sequence
alignments revealed that regions near the C-terminus of these two proteins are similar to p40, a
protein (approximately 40 kDa) isolated from LGG culture supernatant and shown to stimulate
the activation of Akt (protein kinase B protein family) and inhibit apoptosis of IEC (163). Similar
segments of BIF_00825 and BIF_01398 are homologous with the immunogenic secreted protein
precursor-like protein from S. pyogenes MGAS315, which was shown to trigger appearance of
antibodies in human serum after infection by the bacterium (164).
In addition, short chain fatty acids (SCFA) produced by Bifidobacterium can also
modulate immune response. Bacteria in colon can ferment carbohydrate, e.g. resistant starches
and dietary fiber, and produce SCFA which contain 1-6 carbon atoms (165,166). SCFA include
acetate, propionate, and butyrate (167), and are found at higher concentration in caecum than in
descending colon (168). Samples collected from the large intestine of sudden death have been
reported to have total SCFA concentrations (mmol/kg) of 13±6 in the terminal ileum, 131±9 in
the caecum and 80±11 in the descending colon. The low pH within the large intestine created by
the acids facilitates utilization of calcium and magnesium and can inhibit the growth of pathogens
(5,169). One study in mice found that after 4-week consumption of fermented milk containing
BAL DN-173 010, S. thermophilus, L. delbrueckii and Lactococcus lactis subsp. cremoris colitis
was in mice. These improvements were associated with decreased fecal pH, alterations in SCFA
profile, and increased abundance of select lactate-consuming and butyrate-producing bacteria
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(170). In another mouse study, acetate produced by B. longum was found to be associated with
protective effect against enteropathic infection of E. coli O157:H7 (171).
An in vitro study compared the effect of lactic and hydrochloric acids on the immune
response of LPS-stimulated RAW 264.7 cells. The authors found that hydrochloric acid led to a
higher IL-6/IL-10 ratio than lactic acid at the same pH level (172).
An in vitro study using Caco-2 found that BAL BB-12 fermentation products can increase
integrity of tight junction (173). Products from BB-12 fermentation of glucose, raftilose and
raftiline all reduced Caco-2 permeability after 24h treatment. Raftilose group had the strongest
effect, with supernatant containing 0.89 mM lactic acid and 5.36 mM acetic acid. Subsequently,
dose-response experiment on effects of lactic and acetic acid found that each of them can increase
tight junction integrity in a dose-dependent manner.
Research has shown that butyrate and propionate have immunomodulatory effects in the
intestine. Butyrate can modify the cytokine production profile of helper T cells and promote
intestinal epithelial barrier integrity (174). Propionate was shown to decrease production of TNFα by intestinal epithelial cells (175) as well as control airway inflammation (176). These SCFA
likely do not play a role in the direct immunomodulatory effects of bifidobacteria because, as
mentioned above, studies have shown that bifidobacteria tested to date do not produce butyric and
propionic acid.
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1.4.2 Immunostimulatory Effects of Bifidobacterium
While many studies have shown that Bifidobacterium can reduce the production of proinflammatory cytokines by stimulated monocytes or colonic epithelial cells, some studies have
suggested that Bifidobacterium can induce a pro-inflammatory (or immunostimulatory) response.
Many of these studies have used unstimulated cells.

In vitro Studies in RAW 264.7 Mouse Macrophage Cells
Treatment of unstimulated cells with Bifidobacteria (5 species, including B. breve and B.
bifidum) alone induced production of pro-inflammatory cytokines such as TNF-α, IL-6 in RAW
264.7 (91). Treatment of RAW264.7 cells for 48h with B. breve 15700 or B. bifidum Bf-1 at 108
CFU/mL increased TNF-α by 9-fold or increased IL-6 by 2-fold.

In vitro and Ex vivo Studies with Human PBMC
Bifidobacterium spp. have been shown to induce production of pro-inflammatory
cytokines in blood monocytes collected from healthy humans (177). Treatment with live
Bifidobacterium spp. (2 x 107 CFU/mL) for 4h stimulated production of IL-1β (56-fold), TNF-α
(24-fold) and IFN- γ (46-fold). However, the species of Bifidobacterium was not specified since
this study mainly investigated Lactobacillus and used Bifidobacterium for comparison. An ex
vivo study has shown that UV-killed B. longum, B. bifidum and B. breve induced production of
pro-inflammatory cytokines by immature human DCs from healthy blood donors (178). For
example, 48h co-incubation with BAL BB-12 or IPLA 4549 (5 x 106 CFU/mL) significantly
increased production of IL-8 (~ 8-fold), IL-6 (500  1000-fold) and IL-12 (15  50-fold)
compared to unstimulated control cells. The other BAL strains tested yielded similar results on
IL-8 and IL-6 production.
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Human Intervention Studies
There have been clinical studies suggesting that Bifidobacterium can stimulate the
immune system. BAL BB-12 has shown to enhance flu vaccine-specific antibody titres in
humans. In a study (179) with 211 healthy participants, consumption of 109 CFU of BAL BB-12
per day for 6 weeks prior to influenza vaccination resulted in significantly higher levels of
vaccine-specific plasma IgG, IgG1 and IgG3. This suggested that BAL BB-12 can modulate
acquired immunity.
Finally, a study on yogurt containing BAL DGCC 420 and Lactobacillus acidophilus 742 found that consumption of the product for 5 weeks increased phagocytic activity of
granulocytes and monocytes in human subjects(180). However, since both strains were used
simultaneously as treatment, it was impossible to determine the contribution of BAL DGCC 420
to the overall effect.
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1.5 Strain Specificity of Immunomodulatory Effects
It has been recognized that there could be strain-specificity in terms health benefits of
probiotics (1). ‘Strain’ was defined as ‘an isolate or group of isolates that can be distinguished
from other isolates of the same genus and species by phenotypic characteristics or genotypic
characteristics’ (181). Few studies have looked at effects of strains within specific
Bifidobacterium species or subspecies.
In a study on bifidobacteria isolated from healthy infants, anti-inflammatory effects of
different Bifidobacterium spp. on LPS (10ng/mL, 15h)-induced HT-29 cells were compared. This
paper did not specify whether the isolates were identified and strain names designated. The ability
of bacterial CM to inhibit IL-8 production by HT-29 varied within the species B. bifidum, B.
longum, B. catenulatum and B. breve, where 2 to 3 isolates were included for each species (160).
Within B. bifidum, treatment with Bif1 and Bif3 were able to reduce (50% reduction) IL-8 more
effectively than Bif2 (10% reduction); within B. catenulatum, treatment with Cat7 and Cat8
reduced IL-8 by 22% whereas Cat9 caused a 10% reduction; within B. longum, Lon5 (20%
reduction) was more effective than Lon4 and Lon6 (~ 10% reduction); within B. breve, Bre11
was slightly more effective than Bre10 (25% versus 20%).
Using PBMCs, B. longum W11 stimulated the production of Th1 cytokines (IL-2 and
IFN- γ) whereas B. longum NCIMB 8809 and BIF53 led to lower production of Th1 cytokines
but a greater production of IL-10 (182).
Different strains of BAL (BB-12, IPLA 4549 and 4549dOx), B. bifidum and B. longum
differentially affected maturation of DC and profile of cytokine production (183). Monocytes
were isolated from healthy blood donors and immature DC were obtained. UV-killed bacteria
were added at 5 x 106 CFU/mL to immature DC and cytokine production was quantified after
48h. Compared to BAL BB-12 and BAL IPLA 4549, which had similar effects, BAL 4549dOx
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yielded lower production of IL-6 (~ 50% less), IL-12 (pro-inflammatory cytokine, ~ 30% less),
IL-10 (~ 30% less) and TNF-α. In terms of TNF-α/IL-10 ratio, BB-12 yielded the highest among
BAL strains. B. longum IF3/6 and B. bifidum LMG 11041 yielded higher TNF-α/IL-10 ratios
among the studied strains of B. longum and B. bifidum, respectively.
Since health benefits of different strains may vary, it is necessary to specify the strain(s)
used in probiotic products, and to determine the immunomodulatory effects of those specific
strains. Unfortunately, in many clinical studies strain information was not specified, and very few
studies compared different strains within one species. This makes it difficult to paint a clear
picture of strain-specific probiotics effects (184).
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1.6 Significance and Rationale
Previous studies have shown that BAL may provide health benefits to human such as
maintaining a balanced intestinal immune system. BAL has been added to a range of commercial
food or nutraceutical products. Due to the potential strain-specificity of health benefits of
probiotics, it is important to understand the function and characteristics of individual probiotic
strains.
When considering the effects of Bifidobacterium on immune function there are several
reasons behind the somewhat contradictory observations seen in literature: 1. differences in the
bacterial species, subspecies and even strains; 2. differences in research subject (e.g. human,
mouse, or cell lines); 3. differences in condition or treatment of subjects (e.g. healthy versus
inflamed); or 4. differences between viable bacteria, heat-killed bacteria or CM. Therefore, when
discussing the immune modulatory effect of Bifidobacterium it is necessary to specify the context
of ‘Bifidobacterium-subject’ interaction.
Other limitations in previous studies include a lack of strain verification, which is
important in the investigation of strain-specific effects, and the use of cocktails of organisms of
multiple taxa without examining the effect of individual strain. To date, few studies have
systematically examined immunomodulatory effects of various BAL strains.
Therefore, my thesis research focused on comparing in vitro immunomodulatory effects
of a panel of BAL strains in two in vitro model systems of intestinal immune function to (1)
determine if there is strain specificity in the immunomodulatory effects of BAL and (2) to
provide a foundation for future research in mouse and human study.
BAL strains Bl-04, Bi-07, DSM 10140, ATCC 27673 and BB-12 were selected for the
study because they constitute a diverse group of BAL and have been genetically wellcharacterized. HT-29 human colon cancer cells and RAW 264.7 mouse macrophage cells were
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chosen as model systems because they are well-established in vitro models of inflammation. In
addition, by examining the effect of BAL in both epithelial and lymphocyte cell lines, I may be
able to determine potential tissue specific effects of BAL.
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1.7 Hypothesis and Objectives
BAL has been shown to reduce production of pro-inflammatory cytokines in vitro (160)
and in vivo (185) and it is possible that the effects are strain-specific (1). Based on existing
knowledge of BAL and probiotics, I hypothesize that different strains of BAL differentially
reduce pro-inflammatory markers in vitro.

To test these hypotheses, I propose the following objectives:

a. To determine if BAL strains modulate the production of pro-inflammatory mediators
by TNF--stimulated HT-29 cells in a strain-specific manner.

b. To determine if BAL strains modulate the production of pro-inflammatory mediators
by LPS-stimulated RAW 264.7 cells in a strain-specific manner.

c. To identify the genetic differences that may account for the strain-specific
immunomodulatory effects of the BAL strains.
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Chapter 2 Materials and Methods

2.1 Strains and Cell Lines
BAL strains Bl-04 and Bi-07 were obtained from Danisco USA Inc. (Thomas, IL). BAL
DSMZ 10140 were obtained from Deutsche Sammlung von Mikroorganismen und Zellkul- turen
GmbH (DSMZ; The German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany). BB-12 was obtained from Chr. Hansen (Milwaukee, WI). BAL ATCC 27673, HT-29
cells, RAW 264.7 cells and B. animalis. subsp. animalis ATCC 25527 (ATCC 25527) were
obtained from ATCC, Manassas, VA. ATCC 25527 and L. rhamnosus GG (Chr. Hansen,
Hørsholm, Denmark) were initially used as biological controls in the HT-29 co-incubation
experiments as indicated in the results section.

2.2 Strain Verification
To verify identities of strains used in the experiments and determine whether crosscontamination occurred, PCR and sequencing for BAL strains were carried out. Briefly, in silico
PCR was carried out using an online software designed by Bikandi et. al (186) and three primer
sets, Balat_0864, INDEL2 and igr_9 (26) were chosen with which each strain yielded a distinct
SNP profile among that of other strains used in this study. Bacterial stock was revived in MRS
broth overnight before cells were collected and DNA extracted using PowerFood Microbial DNA
Isolation Kit (Mo Bio Laboratories, CA). The PCR reaction system contained 25μL GoTaq G2
Hot Start Colorless Master Mix (Promega, WI), 1μL template, 1μL bovine serum albumin (BSA),
0.25μL forward primer, 0.25μL reverse primer (for primer sequences see Table 2-1), and 22.5μL
nuclease-free water. The PCR cycle included 1 cycle of 95°C for 1 min, 32 cycles of 95°C for 0.5
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min, 58°C for 1min, 72°C for 2 min and finally 1 cycle of 72°C for 7 min. PCR products (5μL)
were mixed with 1μL Blue/Orange Loading Dye, 6X (Promega, WI) and electrophoresis was
done using in 2% agarose gel before stained with GelGreen Nucleic Acid Stain (Biotium, CA) for
1h. Visualization was achieved with UV transilluminator and image was generated using
AlphaImager 3300 gel documentation system (Alpha Innotech, San Leandro, CA). Single band
was obtained for each reaction indicating there were only one type of PCR product for each
sample. Thus, PCR products were treated with ExoSAP-IT (Thermofisher, Waltham, MA) to
remove dNTP and other contaminants and sent for sequencing at the Core Facility at The
Pennsylvania State University using 3730xl DNA Analyzer (Thermofisher, Waltham, MA).
Sequencing data was analyzed using software Unipro UGENE (187), Basic Local Alignment
Search Tool (BLAST) for nucleotide (188) and the SNP profile for each gene of interest was
generated. For quality control, BB-12 from Chr. Hansen (Hørsholm, Denmark) was sequenced
along with other samples.

Table 2-1. Primer sequences used in PCR for BAL strain verification.
Genes
Primer sequence 5'-3'
References
Balat_0864 Forward
GGTTCGTCACTTTCGTGCAG
(26)
Reverse
CCACACCACGCGTGTATTTC
(26)
INDEL2
Forward
AACCGTCTGCTGCTGTTTCT
(26)
Reverse
CCCCTGAATGAAGGTGATGT
(26)
igr_9
Forward
CATACTGGCTGCCGACAAAC
(26)
Reverse
ACGGCAATCCAAACAGCAG
(26)

2.3 Bacteria Culture and Count
BAL strains (Bl-04, Bi-07, DSMZ 10140, ATCC 27673 and BB-12), BAA and LGG
were revived from stock using the Man-Rogosa Sharpe (MRS) medium supplemented with 10%
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cysteine. Prior to each experiment, bacteria were activated by incubating anaerobically (10%
CO2, 5% H2, 85% N2) at 37°C for 24h and the suspension in MRS was diluted (1:100 dilution)
and incubated in fresh MRS for another 24h before co-incubation experiment. The stocks were
prepared from the aforementioned bacteria suspension in MRS, with 10% glycerol and stored in 80°C. Viable count was measured using pour plate method. In brief, bacteria suspensions in MRS
were serially diluted in peptone water to make 10-6 and 10-7 dilutions, which were added to petri
dish. Melted and cooled MRS agar was poured into petri dish and mixed with the diluted bacteria
suspension. MRS agar plates were incubated anaerobically at 37°C for 72h prior to counting
colonies. Viable counts were performed for culture prior to initiating studies with HT-29 and
RAW264.7 to determine the dose of bacteria used in each experiment, as well as after the
experiment using mammalian cell culture medium to which BAL was added to determine the
survival of bacteria during the experiment.

2.4 Mammalian Cell Culture
HT-29 cells were cultured in complete McCoy's 5A (modified) Medium (Thermofisher,
Waltham, MA) supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum in
75cm2 culture flask under 37°C, 5%CO2. RAW 264.7 cells were cultured under the same
conditions but using Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermofisher, Waltham,
MA) supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum. Cells were
subcultured either by trypsinization or scraping upon reaching 90% confluence.
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2.5 Co-incubation Experiments
HT-29 cells were plated in 6-well plates at 4 × 106 cells/well and allowed to attach at
37oC for 48h. Cells were washed with phosphate-buffered saline (PBS) and fresh antibiotic-free
McCoy 5A media was added to each well. BAL strains were collected from MRS suspension,
washed with PBS, centrifuged and resuspended in fresh antibiotic-free McCoy 5A media. In the
experiment where the bacteria were in direct contact with HT-29, BAL suspension in the McCoy
5A media was directly added to the wells in a 6-well plate at ~ 1 x 109 CFU/mL and co-incubated
with HT-29 for 12h. Then TNF-α (Peprotech, Rocky Hill, NJ) was added to wells at final
concentration of 5 ng/mL. Previous studies in our laboratory showed that this was sufficient to
induce a robust inflammatory response without significant cytotoxicity. After 6h incubation at
37oC, the supernatant was collected for measurement of secreted cytokine. The experiment was
performed once and biological triplicates were used.
Alternatively, exposure to BAL was accomplished using a Transwells™ insert (Corning,
Corning, NY). In these experiments, the bacteria were added at ~ 1 x 108 CFU/mL in antibioticfree McCoy’s 5A medium to the apical chamber of the insert. The insert was then placed in one
well of the 6-well plate. The subsequent methods of co-incubation with BAL and TNF-α
treatment were the same as described above. After 6h TNF-α treatment, the supernatant was
collected for measurement of secreted cytokines and pH. Viability of HT-29 cells was assessed
using the trypan blue (Lonza, Basel, Switzerland) assay. The RNA of HT-29 cells were extracted
and quantitative reverse transcriptase (qRT)-PCR (described below) was used to determine
mRNA level. The use of a Transwells™ insert prevented direct contact between bacteria and HT29 cells, making possible accurate measurement of cell viability and allowing us to examine the
role of bacterial secreted factors in the anti-inflammatory effects of BAL. The experiment with
ATCC 27673 and BB-12 was repeated for multiple times as indicated in the results section
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(controls were included and biological triplicates were used for each experiment). The rest of the
data were from one co-incubation experiment (biological replicates).
The experimental conditions were similar for RAW 264.7 cells except that cells were
plated at 1 × 106 cells/well in 6-well plate, and after 12h bacteria treatment LPS (Sigma-Aldrich,
Saint Louis, MO) was added to basolateral compartment at 1μg/mL for 8h before collection of
supernatant and RNA of RAW 264.7 cells. The experiment with ATCC 27673 and BB-12 was
repeated multiple times as indicated in the results section (controls were included and biological
triplicates were used for each experiment). The rest of the data were from one co-incubation
experiment (biological replicates).

2.6 Determination of Inflammatory Markers

IL-8 protein levels in the culture medium of HT-29 cells and TNF- protein levels in the
medium of RAW264.7 cells were determined using the Human IL-8 Tissue Culture Kit (Meso
Scale Discovery, Rockville, MD) and the mouse TNF-α ELISA kit (R&D systems, Minneapolis,
MN), respectively, according to manufacturer’s instructions.
The mRNA expression of inflammatory markers in HT-29 and RAW 264.7 was
examined by qRT-PCR. At the end of co-incubation experiment, media was aspirated, cells
washed with PBS before being collected using Tri-reagent (Sigma-Aldrich, Saint Louis, MO).
RNA concentration and purity was determined using a NanoDrop ND-1000 spectrometer
(Thermofisher, Waltham, MA). For purity assessment, ratio of sample absorbance at 260nm and
280nm (A260/280) and ratio of sample absorbance at 260/230 (A260/A230) were measured.
A260/280 of ~ 2.0 and A260/230 of 1.8  2.2 were considered as indications of acceptable RNA
purity. cDNA was constructed using RT² HT First Strand Kit (Qiagen, Germantown, MD) and
amplified using SYBR Green SuperMix, ROX (Quantabio, Beverly, MA) and Applied
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Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA).
Primers (Table 2-2) were custom made by Integrated DNA Technologies (Coralville, Iowa). For
each qRT-PCR reaction, 500ng cDNA was used. Cycle threshold (Ct) value ≥ 28 were considered
good quality data. The ΔΔCt method was used to calculate relative expression. Human GAPDH
and mouse Gapdh were used as housekeeping gene for HT-29 cells and RAW 264.7 cells,
respectively.

Table 2-2. Primer sequences used in qRT-PCR.
Product
References
Genes
Primer sequence 5'-3'
(145)
human GAPDH GAPDH Forward CAACGACCACTTTGTCAAGC
(145)
Reverse TTCCTCTTGTGCTCTTGCTG
IL-8
(145)
human IL8
Forward TGGCTCTCTTGGCAGCCTTC
(145)
Reverse TGCACCCAGTTTTCCTTGGG
CCL-20 Forward ACAGACTTGGGTGAAATATATTGTGCGTC
(160)
human CCL20
(160)
Reverse GCACAAATTAGATAAGCACTAAACCCTCCA
GAPDH Forward AGGTCGGTGTGAACGGATTTG
(189)
mouse Gapdh
(189)
Reverse TGTAGACCATGTAGTTGAGGT
(189)
TNF- Forward TACTGAACTTCGGGGTGATTGGTC
mouse Tnfa
(189)
Reverse CAGCCTTGTCCCTTGAAGAGAACC
iNOS
(190)
Forward CCAAGCCCTCACCTACTTCC
mouse Nos2
mouse Il6

IL-6

Reverse
Forward
Reverse

CTCTGAGGGCTGACACAAGG
CTGGTGACAACCACGGCCTCCCCT
ATGCTTAGGCATAACGCACTAGGT

2.7 NO Assay
After 8h stimulation of RAW264.7 cells with LPS, the Transwells™ containing BAL and
the LPS-containing medium were removed, and new complete DMEM media was provided. After
18h incubation, the supernatant was collected and NO levels were determined by addition of the

(190)
(172)
(172)
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Griess reagent (Sigma-Aldrich, Saint Louis, MO) added at 1:1 ratio. After 15 min incubation at
ambient temperature, the absorbance at 540 nm was determined.

2.8 Effect of BAL on Mammalian Cell Culture Medium
At the end of each co-incubation experiment, pH of supernatant was measured using a pH
meter equipped with combined pH electrode and temperature probe (Mettler Toledo, Columbus,
OH)

2.9 Cell Viability
At the end of co-incubation experiment cells were collected using trypsinization, washed
with fresh media, and diluted to approximately 1 x 105 cells/mL in medium containing 50%
trypan blue reagent (Lonza, Basel, Switzerland). Viable cells (those that excluded trypan blue)
were counted using a hemocytometer. For RAW 264.7, cell viability was determined at the end of
the 18 h incubation with fresh medium which was after LPS treatment.

2.10 Single Nucleotide Polymorphisms (SNPs) Analysis
SNPs between genomes of Bi-07 (GenBank accession number: CP003498.1) (191) and
BB-12 (NCBI Reference Sequence: NC_017214.1) (42) were determined using MUMmer (192),
with Bi-07 genome as the reference. Based on annotations in GenBank, SNPs in non-coding and
protein coding regions were determined. SNPs were characterized as synonymous or nonsynonymous. The SNPs called by MUMmer were verified by using nucleotide BLAST (188).
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Protein BLAST (193,194) was used to determine the amino acid (AA) differences between the
two selected proteins.

2.11 Data Analysis
Each experiment included three biological replicates. Student’s t-test, one-way ANOVA
with Tukey’s post-test, or linear regression were applied as appropriate using Prism (GraphPad,
La Jolla, CA). The significance level was set at 0.05.
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Chapter 3 Results

3.1 Strain Verification
Table 3-1. Alleic profiles of BAL strains based on SNPs analysis of select genes*.
Gene name1
Balat_0864
INDEL2
INDEL2
igr9
igr9
igr9

Genome position
in Bl-042 or DSM
101403 (italic)

Bl-04

Bi-07

993071
903009
902930
1636614
1636662
1636887

C
G
N4
G
G
G

C
T
G
G
G
G

Nucleotide in strains
DSM
10140
T
T
G
G
G
A

ATCC
27673
T
T
A
A
A
G

BB-12
T
T
G
G
G
G

BB-12
standard
T
T
G
G
G
G

* BAL were cultured in MRS before the DNA was extracted. PCR was performed using primers shown in Table 2-1.
PCR products were sequenced and pairwise alignments were conducted to identify SNPs.
1.Gene name refers to gene name in GenBank.
2.The GenBank accession number for Bl-04 is NC_012814.
3.The GenBank accession number for DSM 10140 is CP001606.
4.This sequence for INDEL2 is absent in Bl-04 (N) thus genome position of DSM 10140 was used.

SNPs analysis (Table 3-1) was carried out using sequences for the genes Balat_0864,
INDEL2 and igr9. Each strain had a unique SNP profile which agreed with in silico PCR results.
Also, the sequencing data were aligned against publicly available strain genomes using BLAST.
The alignments showed that the sequences for each strain were present in the corresponding
genomes. For INDEL2, Bl-04 sequence had a gap compared to that of other strains, which also
agreed with in silico results.
The results of strain verification experiment indicate that there was no crosscontamination among the BAL strains used, and that the designation for each BAL strain was
correct.
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3.2 BAL and HT-29 co-incubation experiment
Effect of BAL on Cytokine Production by HT-29 Colon Cancer Cell (without Transwells™)
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Figure 3-1. Impact of BAL strains on IL-8 production by TNF-stimulated HT-29 human colon
cancer cells. BAL strains (~ 109 CFU/mL) were directly added to HT-29 and co-incubated for 12h.
Cells were then stimulated without (A) or with (B) 5ng/mL TNF-for 6h and IL-8 levels in the
medium were determined by ELISA. Unstimulated and stimulated control cells, ATCC 25527 and
LGG were used for comparison. The experiment was performed once with 3 biological replicates
per treatment group. Error bars indicate standard error of means. Letters represent for grouping
based on one-way ANOVA and Tukey test results (p < 0.05).

Initially, for co-incubation experiment BAL strains were in direct contact with HT-29
cells and 0.6  1.0 x 109 CFU/mL BAL were used. Treatment with TNF-α clearly stimulated
production of IL-8. All BAL strains tested significantly reduced spontaneous IL-8 production.
DSM10140, ATCC 27673 and BB-12 reduced IL-8 (~ 78% reduction) further than Bl-04 and Bi07 did (~ 57% reduction). HT-29 treated with BAA produced 68% less IL-8 while those treated
with LGG produced 86% less IL-8.
When HT-29 was stimulated with TNF-α, there was a tremendous increase of IL-8
production in the stimulated control. However, BAL strains still led to significantly lower IL-8
production. Similar to strain-specific effects observed in unstimulated HT-29 cells, Bl-04 and Bi07 were less effective (~ 58% reduction) in reducing IL-8 production in stimulated HT-29 than
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the other three BAL strains as well as BAA and LGG (~ 95% reduction) (Figure 3-1).
Interestingly, DSM 10140 was more effective than Bl-04 even though the genome sequences of
the two strains are nearly identical (3).
This pattern of BAL strain-specific effects on HT-29 was similar to that observed in
previous studies in our laboratory (Yu, unpublished results) co-incubation experiment where BAL
was in direct contact with HT-29 cells.

Effect of BAL on Cytokine Production by HT-29 Colon Cancer Cell (with Transwells™)
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Figure 3-2. Impact of BAL strains on IL-8 production by TNF-stimulated HT-29 human colon
cancer cells. HT-29 cells were co-incubated with ~ 108 CFU/mL BAL or without BAL in
Transwells™ for 12h. Cells were then stimulated with 5ng/mL TNF-for 6h and IL-8 levels in
the medium were determined by ELISA. Unstimulated and stimulated control cells, ATCC 25527
and LGG were used for comparison. Each co-incubation experiment included 3 biological
replicates and the experiment was repeated three times. Error bars indicate standard error of means.
Letters represent for grouping based on one-way ANOVA and Tukey test results (unstimulated not
included in the analysis) (p < 0.05).

After co-incubation with BAL using Transwells™, TNF-α was added to HT-29 cells to
stimulate production of pro-inflammatory cytokines. TNF- stimulation increased IL-8
production by HT-29 by 10-fold compared to unstimulated cells. HT-29 co-incubated with BAL
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had significantly lower IL-8 production compared to the stimulated cells. While all BAL strains
tested mitigated IL-8 production, the individual strains had different inhibitory effects. Bl-04 and
Bi-07 were the least effective (18% reduction) and BB-12 was the most effective (60% reduction)
(Figure 3-2). ATCC 25527 and LGG had stronger effects than BAL strains, reducing IL-8 by
98% and 80%, respectively. In subsequent experiments, ATCC 25527 and LGG were not
included due to potential cytotoxicity effects (see Figure 3-6).

Effect of BAL on Gene Expression of Inflammatory Markers in HT-29
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Figure 3-3. Impact of BAL strains on gene expression of IL8 in TNF-stimulated HT-29 human
colon cancer cells. HT-29 cells were co-incubated with ~ 108 CFU/mL BAL or without BAL in
Transwells™ for 12 h. Cells were then stimulated with 5ng/mL TNF-for 6h and gene expression
of IL8 was determined by qRT-PCR. The mRNA levels were normalized against human GAPDH
(housekeeping gene) expression to calculate relative expression. Experiment on ATCC 27673 and
BB-12 was repeated for four times (controls were included and biological triplicates were used in
each experiment). Experiment on the other strains were performed once (biological triplicates).
Error bars indicate standard error of means. Asterisk represent statistically significant difference
from stimulated, p < 0.05.

TNF-α significantly increased expression of IL8 in HT-29 cells by 22-fold. None of the
strains significantly changed IL8 mRNA level in stimulated HT-29 except for BB-12, which
caused an increased (38%) in IL8 mRNA level compared to stimulated control. Also, IL8 mRNA
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level in HT-29 treated with BB-12 was significantly higher than that of Bl-04, Bi-07 and ATCC

R e la t iv e g e n e e x p r e s s io n o f C C L 2 0

27673 groups (Figure 3-3).
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Figure 3-4. Impact of BAL strains on gene expression of CCL20 in TNF-stimulated HT-29
human colon cancer cells. HT-29 cells were co-incubated with or without ~ 108 CFU/mL BAL
strains in Transwells™ for 12 h. Cells were then stimulated with 5ng/mL TNF-for 6h and gene
expression of CCL20 was determined by qRT-PCR. The mRNA levels were normalized against
human GAPDH (housekeeping gene) expression to calculate relative expression. Error bars
indicate standard error of means. Experiment on ATCC 27673 and BB-12 was repeated for two
times (controls were included and biological triplicates were used in each experiment). Experiment
on the other strains were performed once (biological triplicates).

Gene expression of another pro-inflammatory cytokine, CCL20, was also examined.
Under TNF-α stimulation, CCL20 mRNA expression was upregulated in HT-29 by almost 100fold and was not significantly reduced with the presence of BAL (Figure 3-4).
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Relationship between pH and Cytokine Production by HT-29 Colon Cancer Cells
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Figure 3-5. Relationship between medium pH and IL-8 production by TNF-stimulated HT-29
human colon cancer cells. HT-29 cells were co-incubated with ~ 108 CFU/mL BAL or without
BAL in Transwells™ for 12 h. Cells were then stimulated with 5ng/mL TNF-for 6h and the
medium pH and IL-8 were determined. Biological triplicates were used. Each graph used the pH
and IL-8 data of a set of replicates (one replicate for each of the stimulated group and 5 BAL
strains). Linear regression was used to fit the data and the equation. Correlation coefficient (r) and
coefficient of determination (r²) were given.

At the end of TNF-α treatment, the pH of HT-29 culture medium was measured. A
positive correlation was observed between the pH of the medium and the concentration of IL-8;
BAL strains that reduced the pH of the medium to the greatest extent also tended to cause the
greatest reduction in IL-8 levels. Bl-04 and ATCC 27673 were somewhat anomalous in that
although the final pH of the medium after co-incubation with the strains was similar, the medium
from the latter strain had lower IL-8 levels than the former (5209 pg/mL versus 8525 pg/mL, on
average). Unexpectedly, Bi-07 led to a medium pH (~ 7.17) higher than the pH (~ 7.05) of the
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stimulated control. Possibly the high pH was caused by low acid production by Bi-07 and/or that
Bi-07 inhibited HT-29 growth. Factors other than pH are important in the changes in the IL-8
levels induced by BAL as evidenced by the fact that correlation only accounts for ~ 70% of the
variation. Further studies are needed to better understand the underlying mechanisms by which
BAL reduce IL-8 production by stimulated HT-29 cells (Figure 3-5).
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Figure 3-6. Viable cell count of HT-29 human colon cancer cells after co-incubation experiment.
HT-29 cells were co-incubated with or without BAL ~ 108 CFU/mL strains in Transwells™ for
12h. Cells were then stimulated with 5ng/mL TNF-for 6h and viable cells count was determined
using trypan blue reagent. Unstimulated and stimulated control cells, ATCC 25527 and LGG were
used for comparison. For each treatment, cells in two wells were counted after TNF-α treatment
and the average was presented.

At the end of TNF-α treatment, viable HT-29 cells were counted. The results showed that
the TNF-α treatment as well as the presence of BAL did not dramatically change the viability of
HT-29 cells. With the exception of Bl-04 (29% decrease) and Bi-07 (25% decrease), BAL
treatment reduced HT-29 cell viability by less than 11% compared to unstimulated control cells
(Figure 3-6). The morphology of the HT-29 cells were observed following treatment, and
exposure to TNF-α and BAL had no gross effects on cell shape or the monolayer confluence
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compared to unstimulated control cells. This indicates that small changes in cell viability of HT29 treated with BAL were unlikely the cause for different IL-8 level observed.
ATCC 25527 and LGG at 108 CFU/mL reduced cell viability by 50% and 40%,
respectively. Since my study focused on strain-specific anti-inflammatory effects instead of
cytotoxicity, I stopped using ATCC 25527 and LGG as comparative organisms. The cytotoxicity
of these organisms, however, might be interesting in the context of colon cancer
prevention/treatment. Future work should focus on the specificity of these cytotoxic effects on
cancer cells compared to normal IEC.
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Figure 3-7. Viable bacterial cell count of probiotic strains before (black bar) or after co-incubation
(grey bar) with HT-29 cells. For co-incubation, bacteria suspension in MRS was added to
Transwells™ in tissue culture plate with HT-29 and used to verify viable bacterial cell count (black
bar). HT-29 cells were co-incubated with probiotic strains in for 12h. Cells were then stimulated
with 5ng/mL TNF-for 6h and viable bacterial cell count (grey bar) of suspension in Transwells™
inserts were measured. Bacteria concentrations were determined using pour plate method. Bar
height represents average of two plates for each of the 10-6 and 10-7 dilutions.

In order to determine the concentration of viable bacteria, bacteria suspension was diluted
and then added into MRS agar plate and the colonies formed were counted after 72h-incubation.
The concentration of each BAL ranged from 1.5 x 108  2.8 x 108 CFU/mL at the beginning of
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the experiment and from 0.8 x 108  2.1 x 108 CFU at the end of co-incubation period. This
indicates that BAL strains were added to HT-29 at similar levels and the co-incubation did not
change the viability of the bacteria.
There was a correlation (r = 0.6599) between concentration of bacteria cells and IL-8
level. But higher cell viability did not necessarily lead to stronger immunomodulatory effect. For
example, viable counts of ATCC 27673 was close to that of DSM 10140 yet the former was more
effective in IL-8 inhibition. Meanwhile, the coefficient of determination for the correlation was
43.55%, suggesting that the difference in bacteria concentrations of BAL strains was not the only
cause for their variant effects observed in the study. This was also supported by results from
RAW 264.7 experiment (see section 3.2).
After co-incubation, supernatant of the basolateral compartment in Transwells™ plate
were also collected for bacteria count and no colonies formed in MRS agar plates, suggesting that
BAL were not able to travel though Transwells™ membrane (Figure 3-7).
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3.3 BAL and RAW 264.7 co-incubation experiment
Effect of BAL on Cytokine and NO Production by RAW 264.7
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Figure 3-8. Impact of BAL strains on TNF- production by LPS-stimulated RAW 264.7 mouse
macrophage cells. RAW 264.7 cells were co-incubated with or without ~ 108 CFU/mL BAL strains
in Transwells™ for 12h. Cells were then stimulated with (‘LPS+’, grey bar) of without (‘LPS-’,
black bar) 1μg/mL LPSfor 8h and TNF- levels in the medium were determined by ELISA. LPS(unstimulated) control cells were used for comparison. Experiment on ATCC 27673 and BB-12
was repeated for four times (controls were included and biological triplicates were used in each
experiment). The rest of the data were from one co-incubation experiment (biological triplicates).
Error bars indicate standard error of means. One-way ANOVA and Tukey test (p < 0.05) was
performed on LPS- data (uppercase letters represent grouping) or LPS+ data (lowercase letters
represent grouping).

Treatment of unstimulated RAW 264.7 cells with BAL caused a significant increase in
TNF-α production. Bl-04, Bi-07, DSM 10140, ATCC 27673, and BB-12 increased production by
94-, 67-, 158-, 144-, and 139-fold, respectively.
Stimulation with LPS caused a dramatic increase in TNF- by RAW 264.7 cells. In
contrast to the effect of BAL on unstimulated cells, co-incubation of stimulated RAW 264.7 cells
with BAL led to a mitigation of TNF- production. Bl-04 (18% decrease), DSM 10140 (18%
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decrease), ATCC 27673 (37% decrease), BB-12 (44% decrease) also significantly reduced TNF-α
production, whereas Bi-07 had no significant effect (Figure 3-8).
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Figure 3-9. Impact of BAL strains on NO production by LPS-stimulated RAW 264.7 mouse
macrophage cells. RAW 264.7 cells were co-incubated with or without ~ 108 CFU/mL BAL strains
in Transwells™ for 12h. Cells were then stimulated with (‘LPS+’, grey bar) of without (‘LPS-’,
black bar) 1μg/mL LPSfor 8h and NO levels in the medium were determined using Griess reagent.
LPS- (unstimulated) control cells were used for comparison. Experiment on ATCC 27673 and BB12 was repeated for five times (controls were included and biological triplicates were used for each
experiment). The rest of the data were from one co-incubation experiment (biological replicates).
Error bars indicate standard error of means. One-way ANOVA and Tukey test (p < 0.05) was
performed on LPS- data (uppercase letters represent grouping) or LPS+ data (lowercase letters
represent grouping).

Griess reaction has been used to quantify concentration of nitrite, which is a primary,
stable and non-volatile breakdown product of NO. Treatment of unstimulated RAW 264.7 cells
with BAL caused an increase in the production of NO. No significant differences were observed
across the strains. Treatment of LPS-stimulated cells with BAL led to modest strain-specific
reductions in NO production. Compared to NO levels produced by LPS-stimulated control RAW
264.7 cells, Bl-04, Bi-07, and DSM 10140 caused small but non-significant decreases. By
contrast, both ATCC 27673 (25% decrease) and BB-12 (30% decrease) significantly mitigated
the stimulatory effects of LPS (Figure 3-9).

53

2 .5

LPSLPS+

2 .0

1 .5

1 .0

*
0 .5
BC

C

BC

ABC

AB

2
B

B

6

A

T

S

C

M

C

1

2

0

7

1

iB
D

-1

7

0
4

7
0

4
B

l-

0

o
tr
n
c

o

3

A

0 .0

l

R e la t iv e g e n e e x p r e s s io n o f T n f a

Effect of BAL on Gene Expression of Inflammatory Markers in RAW 264.7

Figure 3-10. Impact of BAL strains on gene expression of Tnfain LPS-stimulated RAW 264.7
mouse macrophage cells. RAW 264.7 cells were co-incubated with or without ~ 108 CFU/mL BAL
strains in Transwells™ for 12h. Cells were then stimulated with (‘LPS+’, grey bar) of without
(‘LPS-’, black bar) 1μg/mL LPSfor 8h and gene expression of Tnfa was determined by qRT-PCR.
The mRNA levels were normalized against mouse Gapdh (housekeeping gene) expression to
calculate relative expression. Experiment on ATCC 27673 and BB-12 was repeated for two times
(controls were included and biological triplicates were used in each experiment). Experiment on
the other strains were performed once (biological triplicates). Error bars indicate standard error of
means. Asterisk represent statistically significant difference from LPS+ control, p < 0.05.

In the absence of LPS, all BAL strains upregulated gene expression of Tnfa. Compared to
LPS- control, Bl-04 and Bi-07 caused Tnfa mRNA level to increase by 4-fold and 7-fold,
respectively, while DSM 10140 and BB-12 elevated Tnfagene expression by 10-fold. ATCC
27673 increased Tnfaby -foldwhich was significantly higher than that caused by other strains.
LPS strongly induced Tnfa gene expression by 67-fold, an increase much sharper than
that stimulated by BAL. Among the 5 strains, BB-12 significantly reduced Tnfa mRNA in LPSstimulated RAW 264.7 by more than 50%. Bl-04 appeared to have inhibited gene expression of
Tnfa but the results were not statistically significant. Bi-07, DSM 10140 and ATCC 27673 did
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not have any significant effect on Tnfa mRNA level in LPS-stimulated RAW 264.7 (Figure 3-
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Figure 3-11. Impact of BAL strains on Nos2 gene expressionin LPS-stimulated RAW 264.7 mouse
macrophage cells. RAW 264.7 cells were co-incubated with or without ~ 108 CFU/mL BAL strains
in Transwells™ for 12h. Cells were then stimulated with (‘LPS+’, grey bar) of without (‘LPS-’,
black bar) 1μg/mL LPSfor 8h and gene expression of Nos2 was determined by qRT-PCR. The
mRNA levels were normalized against mouse Gapdh (housekeeping gene) expression to calculate
relative expression. The data were acquired from one co-incubation experiment (biological
triplicates). Error bars indicate standard error of means. Asterisk represent statistically significant
difference from LPS- control, p < 0.05.

Treatment of RAW 264.7 cells with Bl-04, Bi-07, ATCC 27673 and BB-12 significantly
elevated Nos2 mRNA level to similar degrees (42-fold) in the absence of LPS-stimulation, while
DSM 10140 did not change the mRNA level significantly.
The treatment of LPS triggered an increase in Nos2 mRNA level from ~ 0.0012 to ~
0.1505 (121-fold). Co-incubation with Bl-04 had little effect on Nos2 gene expression induced by
LPS. ATCC 27673, Bi-07, and DSM 10140 appear to increase Nos2 gene expression, however
the effect was not statistically significant. BB-12 may have led to lower (potentially as much as
65%) Nos2 mRNA level but the difference was not significant (p = 0.067) (Figure 3-11).
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Figure 3-12. Impact of BAL strains on Il6 gene expressionin LPS-stimulated RAW 264.7 mouse
macrophage cells. RAW 264.7 cells were co-incubated with or without ~ 108 CFU/mL BAL strains
in Transwells™ for 12h. Cells were then stimulated with 1 μg/mL LPSfor 8 h and gene expression
of Il6 was determined by qRT-PCR. The mRNA levels were normalized against mouse Gapdh
(housekeeping gene) expression to calculate relative expression. The data were acquired from one
co-incubation experiment (biological replicates). Error bars indicate standard error of means.
Asterisk represent statistically significant difference from LPS+ control, p < 0.05.

In unstimulated RAW 264.7 cells, Il6 gene expressions were at a very low level (Ct
values > 28) for cells treated with or without BAL. Therefore, the data were not suitable for
calculation of relative expression and only data on LPS-stimulated RAW 264.7 were presented.
Gene expression of Il6 in RAW 264.7 was stimulated by LPS. Among the five BAL strains, Bi07 and BB-12 significantly affected Il6 mRNA level with the former increasing it by 55% and the
latter decreasing it by 57%, when compared to stimulated control (Figure 3-12).
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Relationship between pH and Cytokine/NO Production by RAW 264.7
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Figure 3-13. Relationship between medium pH and TNF-production by LPS-stimulated
RAW 264.7 mouse macrophage cells. RAW 264.7 cells were co-incubated with or without
(‘stimulated’) BAL strains (~ 108 CFU/mL) in Transwells™ for 12h. Cells were then stimulated
with 1μg/mL LPSfor 8h and pH in the medium were determined using pH meter while TNF-α
levels were determined by ELISA. Biological triplicates were used. Each graph used the pH and
TNF-α data of a set of replicates (one replicate for each of the stimulated group and 5 BAL strains).
Linear regression was used to fit the data and the equation. Correlation coefficient (r) and
coefficient of determination (r²) were given.
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Figure 3-14. Relationship between medium pH and NO production by LPS-stimulated
RAW 264.7 mouse macrophage cells. RAW 264.7 cells were co-incubated with or without
(‘stimulated’) BAL strains in Transwells™ for 12h. Cells were then stimulated with 1μg/mL
LPSfor 8h and pH in the medium were determined using pH meter while NO levels were
determined using Griess Reagent. Biological triplicates were used. Each graph used the pH and
NO data of a set of replicates (one replicate for each of the stimulated group and 5 BAL strains).
Linear regression was used to fit the data and the equation. Correlation coefficient (r) and
coefficient of determination (r²) were given.

In Figure 3-13, There was a strong positive correlation between RAW 264.7 culture
medium pH and TNF- α production. Lower TNF-α production was associated with lower pH.
Similarly, there was a possible positive correlation between NO level and pH (Figure 3-14).
However, pH was not the sole mediating factor since the correlation formula predicted 15% 58% of the total variation in NO level. These findings, especially the relationship between TNF-α
production by RAW 264.7 and medium pH, are consistent with my studies on HT-29 cells and
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indicate the changes in pH (perhaps the production of acetic and lactic acid by BAL) are an
important mediator in the anti-inflammatory effects of these bacteria.

Cell Viability and Bacteria Count
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Figure 3-15. Viable cell count of RAW 264.7 mouse macrophage cells after co-incubation
experiment. RAW 264.7 cells were co-incubated with or without BAL strains in Transwells™ for
12 h. Cells were then stimulated with (‘LPS+’, grey bar) of without (‘LPS-’, black bar) 1μg/mL
LPSfor 8h. Cells were further incubated for 18h in fresh medium before viable cells count was
determined using trypan blue reagent. LPS-/LPS+ control cells were used for comparison. Error
bars indicate standard error of means. Error bars indicate standard error of means. Uppercase letters
represent grouping of LPS- data based on one-way ANOVA and Tukey test results (p < 0.05) and
lowercase letters represent grouping of LPS+ data.

Co-incubation with Bl-07 did not inhibit growth of RAW 264.7 during co-incubation but
the other four strains decreased cell viability by about 50%. There were no significant differences
in cell viability among RAW 264.7 cells treated with Bi-04, DSM 10140, ATCC 27673 or BB12.
The LPS treatment reduced growth rate of RAW 264.7 by about 56% for control cells.
For BAL-treated RAW 264.7, cell viability levels were also lower than that of LPS- groups
except for Bl-04 for which significant decrease was not observed. When compared to LPS+
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control, Bl-04, Bi-07 and DSM 10140 did not significantly change cell viability; ATCC 27673
and BB-12 reduced cell viability by 58% and 75%, respectively (Figure 3-15). For these two
strains, the reduction in RAW 246.7 cell viability represents a potential confounding variable
when determining their immune effects.
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Figure 3-16. Viable bacterial cell count of BAL strains before (black bar) or after co-incubation
with RAW 264.7 mouse macrophage cells treated with (light grey bar) or without (grey bar) LPS.
RAW 264.7 cells were co-incubated with ~ 108 CFU/mL BAL strains in Transwells™ for 12h.
Cells were then stimulated with LPS at 1μg/mL for 8h and viable bacterial cell count of suspension
in Transwells™ insert were measured. Viable bacterial cell count was determined using pour plate
method. Bar height represents average of two plates for each of the 10-6 and 10-7 dilutions.

Overall, the co-incubation with RAW 264.7 cells and the LPS treatment had little effect
on bacteria concentration. Like in HT-29 experiment. Differences in the viable counts of BAL
strains did not explain the differences in their effects on RAW 264.7 cell. For instance, the
correlation was not strong (r2 = 0.1953, r = 0.4419) between TNF-α level and bacteria count for
LPS+ group (Figure 3-16). Also, in the medium of basolateral compartment of Transwells™
plate bacteria were not detectable, suggesting bacteria did not cross the membrane.
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3.4 SNPs Analysis
Table 3-2. Non-synonymous SNPs between Bi-07 and BB-12 genomes.
Genome position
Bi-071

BB-122

(forward
strand)

(forward
strand)

567588

Nucleotide

Amino Acid
Gene3 in Bi-07

Bi-07

BB-12

Bi-07

BB-12

1203020

-

c

frameshift

beta-galactosidase

567625

1203058

-

g

frameshift

beta-galactosidase

588996

1224388

-

g

frameshift

D-alanyl-D-alanine carboxypeptidase

673738

1309077

c

-

frameshift

hypothetical protein

777039

1412278

a

c

I

L

signal transduction histidine kinase

778802

1414041

a

c

D

A

hypothetical protein

778832

1414072

-

c

frameshift

839426

1474481

c

t

A

839767

1474822

g

-

frameshift

ABC transporter ATP-binding protein

839778

1474832

c

-

frameshift

ABC transporter ATP-binding protein

902533

1537535

a

g

T

A

long-chain-fatty-acid--CoA ligase

902564

1537566

g

c

C

S

long-chain-fatty-acid--CoA ligase

902566

1537568

c

g

L

V

long-chain-fatty-acid--CoA ligase

902648

1537650

a

c

D

A

long-chain-fatty-acid--CoA ligase

902649

1537651

t

a

D

A

long-chain-fatty-acid--CoA ligase

902651

1537653

c

-

frameshift

902693

1537694

t

a

V

S

long-chain-fatty-acid--CoA ligase

902707

1537708

t

c

S

V

long-chain-fatty-acid--CoA ligase

902709

1537710

c

t

S

L

long-chain-fatty-acid--CoA ligase

902718

1537719

-

c

frameshift

long-chain-fatty-acid--CoA ligase

902720

1537722

c

-

frameshift

long-chain-fatty-acid--CoA ligase

902726

1537727

-

t

frameshift

long-chain-fatty-acid--CoA ligase

902743

1537743

c

g

R

hypothetical protein
V

ABC4 transporter permease

long-chain-fatty-acid--CoA ligase

W

long-chain fatty acid--CoA ligase
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Table 3-2. Continued
906799

1541799

-

t

frameshift

translation elongation factor Ts

906828

1541826

c

-

frameshift

translation elongation factor Ts

906840

1541837

g

-

frameshift

translation elongation factor Ts

993126

1628040

c

t

P

1259155

1893674

t

-

frameshift

1259156

1893674

g

c

A

G

topoisomerase IV subunit A

1259157

1893675

c

t

A

W

topoisomerase IV subunit A

1259196

1893714

g

-

frameshift

topoisomerase IV subunit A

1259224

1893741

g

-

frameshift

topoisomerase IV subunit A

1437509

134990

a

-

frameshift

hypothetical protein

1847497

544491

a

g

STOP

T

Bi-07

BB-12

(forward
strand)

(reverse
strand)

Bi-07

BB-12

Bi-07

BB-12

1857483

1941442

c

g

H

D

1857544

1941381

-

a

frameshift

alpha-1,4-glucosidase

1857550

1941375

a

-

frameshift

alpha-1,4-glucosidase

1659522

1939740

t

c

L

P

mobile element protein

1660029

1939233

a

g

K

R

mobile element protein

1659522

715732

t

c

L

P

mobile element protein

1659465

689026

t

c

L

P

mobile element protein

1659522

2932

t

c

L

P

mobile element protein

1660029

2425

a

g

K

R

mobile element protein

Bi-07

BB-12

(reverse
strand)

(reverse
strand)

Bi-07

BB-12

Bi-07

BB-12

1260128

1894621

c

g

R

G

1. Bi-07 GenBank accession number: CP003498.1.
2. BB-12 GenBank accession number: NC_017214.
3. Gene annotations were acquired from GenBank.
4. ABC: ATP-binding cassette.

S

hypothetical protein
topoisomerase IV subunit A

trehalose synthase

alpha-1,4-glucosidase

putative glucose uptake permease
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Table 3-3. Synonymous SNPs between Bi-07 and BB-12 genomes.
Genome position
Bi-071
BB-122
(forward
(forward
strand)
strand)
315434

951013

Nucleotide

Gene3 in Bi-07

Amino acid

Bi-07

BB-12

Bi-07

BB-12

a

c

G

G

ATP-dependent DNA helicase
RecG

753989

1389246

t

c

A

A

pup ligase PafA' like protein,
possible component of postulated
heterodimer PafA-PafA'

902616

1537618

t

c

D

D

long-chain-fatty-acid--CoA ligase

902687

1537688

c

a

T

T

1639044

336217

t

c

H

H

long-chain-fatty-acid--CoA ligase
pyridoxine biosynthesis glutamine
amidotransferase, glutaminase
subunit

1847464

544458

g

a

T

T

trehalose synthase

1881307

578208
BB-12
(reverse
strand)

c

t

I

I

transcriptional regulator

Bi-07

BB-12

Bi-07

BB-12

Bi-07
(forward strand)

1857482
1941443
g
c
V
1. Bi-07 GenBank accession number: CP003498.1.
2. BB-12 GenBank accession number: NC_017214.
3. Gene annotations were acquired from GenBank.

V

alpha-1,4-glucosidase

BB-12 had greater immunomodulatory effects than Bi-07 in both in vitro models.
Because of these large differences in activity, we selected these strains for SNP comparison. In
total, 327 SNPs were identified between the genomes of Bi-07 and BB-12, including 44 nonsynonymous SNPs in protein-coding region (Table 3-2), 8 synonymous SNPs (Table 3-3) in
protein-coding regions, and 275 SNPs in non-coding regions.
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Genes Related to Carbohydrate Metabolism
Several non-synonymous SNPs are located in genes related to carbohydrate metabolism.
These SNPs are of interest, because we observed differences in the effect of these bacteria on
medium pH that may suggest the bacteria differ in their ability to produce acids when provided
with these substrates.
A SNP was identified in the gene of a putative glucose uptake permease gene (glcU) in
Bi-07 and BB-12. A BLAST search using the Bi-07 genome sequence from 1259472 to 1260428
(the location of glcU) as query against the NCBI genome data set for the organism
‘Bifidobacterium animalis subsp. lactis’ showed that Bi-07 and BL-04 had 100% identity with
the SNP nucleotide being “C”. By contrast, DSM 10140, ATCC 27673, and BB-12 have a “G” as
the SNP nucleotide. Previous research has shown that this non-synonymous SNP could lead to a
significant difference in the rate of glucose uptake by BAL strains (26).
A SNP at Bi-07 genome position 1847497 causes the corresponding protein in Bi-07
(trehalose synthase, GenBank: AFJ18858.1, 534 AA) to be shorter than that in BB-12 (alphaamylase, NCBI Reference Sequence: WP_014482432.1, 550 AA). BB-12 does not have genes for
trehalose synthase but has one gene encoding trehalose-6-phosphate hydrolase (42), which is also
present in Bl-04 (3), B. adolescentis ATCC 15703, B. longum. longum NCC 2705 and so on (36).
Trehalose is a disaccharide consisting of two glucose molecules, serving as the storehouse of
glucose as well as stabilizing membranes and cellular proteins (195). In addition, trehalose has
been shown to reduce glucose uptake by mammalian cells via inhibiting the activity of glucose
transporters (GLUT)1, GLUT2, GLUT3, GLUT4 and GLUT8 on the plasma membrane, which
induces autophagy (196). Autophagy induced by trehalose may reduce inflammation. A study
using a mouse IBD model suggested that pre-treatment of trehalose before TNBS administration
prevented impaired autophagy in the colon tissue (197). Trehalose treatment also significantly
reduced mRNA level of Tnfa, Il1b, Nos2 and Il6 in the colon tissue as well as mucosal protein
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levels of IκB and nuclear NF-κB in the colon tissue. Similarly, trehalose-induced autophagy has
been associated with anti-inflammatory effects in neuronal cells (198) and in the lung (199). It
has also been reported that trehalose reduced toxic protein aggregates in amyotrophic lateral
sclerosis and prion disease (200,201).
In the present study, the cell culture medium used contained glucose as the major
carbohydrate. In vivo, other carbohydrates including other monosaccharides, disaccharides, and
polysaccharides are available. Our SNP analysis showed that several SNPs are located in genes
related to the metabolism of disaccharides and polysaccharides (e.g. beta-galactosidase and alpha1,4-glucosidase). For example, at Bi-07 genome positions 567588 and 567625, there are two
extra nucleotides inserted in BB-12 sequence leading to a frameshift. Thus this sequence in BB12 represents a pseudogene of beta-galactosidase (42), likely with compromised functionality
compared to the complete gene of beta-galactosidase (AFJ17796.1) in Bi-07 (202). Betagalactosidase hydrolyzes beta-galactosides, such as lactose, to galactose (203), whereas the
specific function of the beta-galactosidase pseudogene in BB-12 remains unknown.
SNPs at Bi-07 genome position 1857483, 1857544 and 1857550 led to changes of four
AA between the corresponding genes, alpha-1,4-glucosidase in Bi-07 (AFJ18865.1) and alphaamylase in BB-12 in the consensus sequence. Protein BLAST showed that out of the four
different AA, one was at the active catalytic site (AA No. 270 in alpha-amylase, glutamic acid in
Bi-07 vs arginine in BB-12), which may be important in the alteration of protein function. Also,
alpha-1,4-glucosidase (591 AA) had more AA than alpha-amylase (550 AA) (42). Alpha-1,4glucosidase specifically acts on 1,4-α-glucosidic linkages and more rapidly hydrolyzes
oligosaccharides than polysaccharides (36). Alpha-amylase hydrolyzes starch, glycogen among
other polysaccharides as well as oligosaccharides, releasing free sugar group (e.g. glucose and
maltose) in the α-configuration (195).
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Genes Related to ATP-Binding Cassette (ABC) Transporter
One SNP is located in a gene encoding ABC transporter that is associated with thiamin
metabolism (191). The Bi-07 genome sequence 838,894 to 839,514 encodes ‘substrate-specific
component YkoE of thiamin-regulated energy-coupling factor (ECF) transporter for
hydroxymethylpyrimidine (HMP)’ (THMP, AFJ18031.1). HMP is a precursor of thiamin (204)
and thiamin diphosphate (TPP), which is an important co-factor of XFPK and TK (38). The
structures and mechanisms of phosphoketolase (PK) and TK have been characterized
(38,205,206). In both XFPK and TK, the TPP molecule is located in the interface of the two
subunits of the enzyme, which form two topologically equivalent active sites. The corresponding
protein (ABC transporter permease) sequence in BB-12 shares most regions with that of Bi-07,
including one for ‘ABC-type cobalt transport system, permease’ (AA No. 17-142) (42,191).
However, there is one AA difference (No. 178), caused by the SNP at Bi-07 genome position
839426, that may lead to functional changes. At present, however, there seems to be no
experimental data available to support this or to determine whether the uptake of HMP affects
thiamin production and fermentation in BAL.

Other Genes
Due to frameshift, BB-12 has a pseudogene of long-chain-fatty-acid-CoA ligase
(AFJ18086.1, Bi-07 genome position 902,134 to 904,209). In BAL DSM 10140 (207) and E. coli
(208), the gene of long-chain-fatty-acid-CoA ligase was associated with the ability of the bacteria
to incorporate exogenous fatty acids into its cytoplasmic membrane. SNPs in genes related to
signal transduction and translation were identified. Translation elongation factor (EF) Ts
catalyzes the nucleotide exchange reaction promoting the formation of EF Tu/GTP from EF
Tu/GDP (209). In Lactobacillus reuteri EF Ts was downregulated under bile treatment (210),
though the specific function of this gene in BAL is unclear. Histidine kinases are a large family of
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signal-transduction enzymes present in all three major kingdoms of life (the Bacteria, Archaea
and Eukarya) (211). It is unclear whether the SNP reported in the gene encoding histidine kinase
could lead to functional changes between the two BAL strains. Given the lack of data from the
literature, it seems hard to connect these two SNPs to different immune effects of the BAL
strains. Finally, the two strains contain many SNPs in genes with unknown functions. It is
possible that these genes play important roles in the differential immunomodulatory effects of
BAL strains. Additional research is needed to characterize the function of these genes and to
investigate their potential contribution to BAL-driven immunomodulatory effects in mammalian
systems.
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Chapter 4 Discussion
I hypothesized that different strains of BAL can differentially reduce pro-inflammatory
markers in vitro. Accordingly, the objectives of the study were (1) to determine if BAL modulates
the production of pro-inflammatory mediators by HT-29 and RAW 264.7 cells in a strain-specific
manner and (2) to examine genetic factors that account for the observed differences.
My study demonstrates for the first time that the in vitro immunomodulatory effects of 5
BAL strains (Bl-04, Bi-07, DSM 10140, ATCC 27673 and BB-12) are strain-specific, and. In the
future the results from my study provide a foundation for future in vivo studies to determine
strain-specific immunomodulatory effects of BAL, and additional in vitro and in vivo studies to
examine the underlying mechanisms for this strain specificity.

4.1 BAL and HT-29 co-incubation experiment
Intestinal epithelium cells play an important role not only because they serve as the
barrier against luminal environment in the large intestine (130) but also they can modulate
immune response through influence on cytokines (92). Therefore, in order to test my hypothesis
that BAL strains differentially reduce pro-inflammatory markers in vitro, I used HT-29 cells
which are a model widely used to study intestinal inflammation.

Effect of BAL on Cytokine Production by HT-29 Colon Cancer Cells
The results showed that IL-8 production by HT-29 was stimulated by TNF-α and not
BAL strains. Bl-04 and Bi-07 reduced IL-8 production to a similar extent. Likewise, ATCC
27673 and DSM 10140 had similar IL-8 inhibitory activity. BB-12 reduced IL-8 to the greatest
extent (60% compared to TNF-α-positive control). These data demonstrated that when co-
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incubated with selected BAL strains, TNF-α-induced IL-8 production was significantly decreased
in a strain-specific manner. In general, these results are consistent with previous in vitro studies
of Bifidobacterium spp., and show the potential anti-inflammatory effects of this genus of
bacteria (160,212). My study, however, represents the first stain-level comparison of these
commonly used BAL strains.
There are several factors that may allow BAL to modulate inflammation. In the present
study, the fact that anti-inflammatory effects of BAL in the HT-29 model were similar in
experiments that allowed direct contact between bacteria and HT-29 cells and those that allowed
only indirect interaction (through the use of Transwells™) indicates that the overall effect of
BAL is likely due to BAL-derived secreted factors. Other possible factors contributing to the
immunomodulatory effects of BAL include viable bacteria, CM, or dead bacteria. Ex vivo studies
showed consumption of live BAL had an anti-inflammatory effects on LPS-stimulated PBMC
(155,156). An experiment using Caco-2 human colon cancer cells, another widely used cell line
for in vitro inflammation studies, showed that CM from BB-12 reduced IL-8 production by TNFα-stimulated Caco-2 cells (213). UV-killed BAL strains induced production of cytokines (e.g.
TNF-α and IL-6) in immature DC obtained from human blood (183).
Many studies have looked at the effect of bacterial CM which was prepared by culturing
probiotic bacteria in the media, filtering the media to remove the bacteria, and then applying it to
the mammalian cells. The results of these studies have been mixed with some showing antiinflammatory efficacy whereas others do not. Although this could be related to the probiotic
species used, it could also be the result of limitations in the previous approach to exposing the
mammalian cells. The disadvantage of using CM is that the active factors it contains are present
at a fixed dose level, and if they may be unstable or metabolized by the mammalian cells, and
because the bacteria have been removed, they are not replenished. In addition, the CM likely has
reduced levels of nutrients including glucose available to the HT-29 cells because of the
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metabolic activity of the bacteria. By contrast, if the probiotic bacteria are present (and viable)
during the co-incubation period, then the bacteria continually produce immunomodulatory
factors over the course of the experiment, and the levels of nutrients in the medium available to
the HT-29 cells are greater. This limitation may help explain why some studies have reported that
CM is not as effective as live cells in terms of immunomodulatory effects (214). An advantage of
my studies is that by having viable bacteria in the apical compartment of Transwells™, I was able
to have the bacteria present and producing soluble factors, but separated physically from the HT29 cells. This situation mimics the in vivo scenario where probiotic bacteria may exert a longterm effect on intestinal cells by continuously secreting immune active compounds, but are kept
physically separate by the mucus layer coating the epithelium.

Effect of BAL on Gene Expression of HT-29.
There were some difficulties when interpreting HT-29 gene expression data because of
large experimental variability for some treatments. While additional confirmatory experiments
are necessary, my data suggest that most BAL strains did not have prominent effects on gene
expression of IL8 and CCL20 in stimulated HT-29 cells. Surprisingly, BB-12 significantly
increased IL8 mRNA level compared to the stimulated control, which contradicts the decreases in
IL-8 protein levels that I observed using ELISAs. Previous studies have reported that
bifidobacteria can reduce IL8 mRNA level in stimulated HT-29 cell (212) or in Caco-2 cells
(213). The difference in results between these studies and mine could be due to the different
strains used.
Alternatively, it could be that the strain-specific effects observed in secreted cytokine
levels was due to post-transcriptional events such as translation and transportation of the
molecules. Mitogen-activated protein kinases (MAPKs) were shown to contribute to IL-8
secretion by HT-29 via stabilization of IL8 mRNA (215). Similarly, in skeletal muscle cells IL-8
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production can be reduced by destabilization of IL8 mRNA by a deadenylase complex (216).
Based on studies in lung cells and skeletal cells, post-transcriptional regulation is common and
important for inflammatory cytokine production (217).
On a translational level, microRNAs (miRNA) have been associated with silencing of
inflammatory genes in nonimmune cells such as lung epithelial cells. Exposure to IL-1β increased
level of miRNA-146a, which can inhibit IL-8 production. Since miRNA-146a did not affect
transcription or secretion of IL-8, it was hypothesized that it induced translational silencing of IL8 (218). At the same time, IL-1β can activate NF-kB which upregulates gene expression of IL-8
(219). If BB-12 works through a similar mechanism, it would explain the observed increases in
IL8 mRNA at the same time that secreted IL-8 protein levels were reduced.

Relationship between pH and Cytokine Production by HT-29
BAL are known to produce acetic and lactic acid (39). Here I examined the relationship
between effects of BAL on the pH of the medium in which the HT-29 cells were cultured and the
production of IL-8. I observed a strong direct relationship between final medium pH and the
levels of IL-8 present in the medium. For example, when the medium pH was the lowest (pH =
6.83, caused by co-incubation with BB-12) IL-8 level was the lowest (3300 pg/mL); for Bl-04,
the medium pH was higher (pH = 7.06) and so was the IL-8 production (7000 pg/mL) by HT-29.
These results suggest that the anti-inflammatory activity of BAL may be related to the acids that
BAL produced during co-incubation. This hypothesis is supported by previous studies that
documented anti-inflammatory effects of lactic acid. It was found that in LPS-stimulated RAW
264.7 cells, lactic acid (10 – 30mM, pH = 6.5 – 7.34) reduced production of pro-inflammatory
markers including NO and IL-6 (172). Some found that the dialysis solutions, which are acidic
and lactate-based, used in peritoneal dialysis for end stage renal disease, could reduce synthesis
and release of TNF-α (220).
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4.2 BAL and RAW 264.7 co-incubation experiment
Research on IBD has linked key inflammatory mediators such as TNF-α to the pathology
of the disease and innate lymphoid cells have been identified to play an important role in immune
mediated inflammatory diseases (221). RAW 264.7 mouse macrophage cells were used to
examine effects of BAL strains on lymphoid cells in vitro.

Effect of BAL on Cytokine and NO Production by RAW 264.7 Mouse Macrophage Cells
In the absence of LPS-stimulation, BAL induced production of NO by RAW 264.7
mouse macrophage cells. These results are consistent with previous studies which showed that
treatment with either heat-killed Bifidobacterium spp. or Bifidobacterium cells stimulated
macrophage cells to produce pro-inflammatory cytokines such as TNF-α and IL-6 (74,113,111).
For example, Park et al. found that treatment of strains of heat-killed B. longum or B. infantis
increased production of H2O2, NO, TNF-α and IL-6 by RAW 264.7 cells (224).
A study by Liu et al. (225) reported that secreted compounds produced by BAL could
stimulate a pro-inflammatory response from macrophages. EPS was extracted from the CM of
BAL RH, hydrolyzed and purified prior to addition RAW 264.7 cells, caused increase in NO
production, and Il6 mRNA and Tnfa mRNA expression. These effects were related to activation
of the TLR4. The authors did not, however, examine the effect of RH in the presence of LPSstimulation.
To my knowledge, there have been no studies published which have examined the impact
of BAL on inflammation-related markers in RAW 264.7 cells.
Although BAL increased NO and TNF-α in RAW 264.7 cells, it does not necessarily
mean that BAL strains are pro-inflammatory in vivo where the immune responses are the outcome
of not just macrophage but also an orchestra of different types of cells such as epithelial cells,
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DC, T cells and other resident intestinal bacteria. In fact, some clinical trials found that BAL had
anti-inflammatory effects (155,156,226) which was contradictory to results of some in vitro
studies (91,145).
When RAW 264.7 were stimulated with LPS, pre-treatment of BAL reduced NO and
TNF-α production compared to LPS-stimulated control cells. Overall, my findings agreed with a
study done by Okada et al. who investigated other species of Bifidobacterium which showed that
B.breve 15700 and B. adolescentis (ATCC 15703) increased Tnfa mRNA expression in
unstimulated RAW 264.7 cells, but reduced TnfamRNA levels in LPS-stimulated RAW 264.7
cells (148). These results indicate some bifidobacteria may exert an anti-inflammatory effect in
the context of elevated inflammatory signaling (148).
Further studies using co-cultures of colon epithelial cells and lymphoid cells are needed
to better mimic the in vivo scenario. This will allow greater understanding of how the signaling of
immune cells and epithelial cells are integrated in response to exposure to BAL strains.

Effect of BAL on Gene Expression of Inflammatory Markers in RAW 264.7
All BAL strains increased gene expression of Tnfa and Nos2 but not Il6 in unstimulated
RAW 264.7 cells. There were strain-specific BAL effects on Tnfa mRNA level but not Nos2
mRNA level.
In RAW 264.7 cells stimulated with LPS, BB-12 reduced gene expression of Tnfa, Nos2
and Il6. This result is in agreement with what is seen at the level of the secreted inflammatory
markers. For the other four strains, their general effects on gene expression of selected markers
were not obvious. This lack of effect could likely have been caused the large experimental error
observed in the measurements and limited replication of the experiment, although it is possible
that Bl-04, Bi-07, DSM 10140 and ATCC 27673 regulated RAW 264.7 inflammation through
mechanisms that are not on a transcriptional level. Further studies are needed.
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Relationship between pH and Cytokine/NO Production by RAW 264.7
My results show that the effects of BAL on some inflammation markers correspond
directly with the ability of the strains to modify pH. Previous studies in laboratory media
condition demonstrated that BAL can produce acetic and lactic acids (20) and that lactic acid was
associated with anti-inflammatory effects (172). Meanwhile, there could be other BAL-secreted
factors that affected inflammation in RAW 264.7, such as exopolysaccharides (227), protein and
peptides (33) and unidentified molecule(s) < 3kDa (144,160).
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4.3 SNP analysis
Table 4-1. Glucose uptake rates of selected BAL strains and their effects on HT-29 cells
*

Strain

RB code

BB-12
DSM 10140
Bl-04
Bi-07

RB 1573
DSM(Z) 10140
RB 4825
RB 5733

Glucose uptake rate
(nmol/min/mg)*
9.0
4.9
1.4
1.0

Inhibition of
IL-8
(rank-order)
1
2
3
3

pH lowering
effect (rankorder)
1
2
3
4

* From Briczinski et al., 2009 (26).

Previously, SNPs between genomes of the five BAL strains in this study have been
identified using (48). On nucleotide level, ATCC 27673 was the most distant from the other
strains with over 12,000 SNPs among over 1938000 base pairs (approximate genome length).
Among the other 4 strains, BB-12 was further away from Bl-04, Bi-07 and DSM 10140, having
around 300 SNPs. DSM 10140 genome sequence slightly differed from that of Bi-07 and Bl-04
(47 SNPs) while Bl-04 and Bi-07 were closely related with only 11 SNPs between them. I elected
to examine the location and potential functional impacts of SNPs in BB-12 and Bi-07, because
the two strains were strongly divergent in immunomodulatory effects, but had a manageable
number of SNPs to examine.
SNPs analysis between Bi-07 and BB-12 revealed 327 SNPs. Several of these SNPs are
located in genes related to carbohydrate metabolism, and thus may influence the production of
acids by these BAL strains, and their immunomodulatory effects. Currently, there is little
experimental evidence to back up these speculations in BAL, but the results of my analysis of the
existing data provide guidance for future experiments.
There is evidence derived from studies of other Bifidobacterium spp. suggesting that
differences in carbohydrate metabolism can lead to differential immune effects. One study found
that ABC-type carbohydrate transporter present in B. longum was responsible for production of
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acetic acid which protected host against enteropathogenic infection (228). In mice infected with
E. coli O157, pre-treatment of B. longum. longum JCM 1217, B. longum. longum NCC 2705, or
B. longum. infantis 157F increased survival rates, whereas pre-treatment with B. longum. longum
JCM 1222 and B. longum. adolescentis JCM 1275 did not. Fecal acetate concentration was higher
in mice treated with preventive strains than in mice treated with non-preventive strains,
suggesting the protective effects of acetate. In addition, comparative analysis revealed that the
three preventive strains all possess two syntenic loci containing ABC-type carbohydrate
transporter, which were absent in the two non-preventive strains.
One SNP of particular interest is located in glcU. This SNP was previously shown to
correlate with rate of glucose uptake by different strains of BAL (26). This previous study
included all of the stains used in my research. The investigators found that BB-12 had the highest
rate of glucose uptake, whereas Bl-04 and Bi-07 which have a different SNP nucleotide took up
glucose at 5-fold slower rate. In the present co-culture experiments, the major carbohydrate
source in the medium is glucose, so it could be that Bi-07 has a lower ability to utilize glucose in
the bifid shunt and is therefore less able to produce acids and exert immunomodulatory effects.
By contrast BB-12 can efficiently take up glucose, produce acid, and modulate the immune
response of stimulated HT-29 and RAW 264.7 cells (Table 4-1). Given the variety of
carbohydrates, including oligosaccharides and polysaccharides, available to bacteria in the human
intestine, it would be interesting to determine if the strain specificity observed in the current study
occur when other carbohydrate sources are provided to the bacteria.
In addition to differences in carbohydrate metabolizing genes, differences in the
extracellular peptidome of BAL strains have been identified by other researchers (33). The
authors of that study constructed a phylogenetic tree of in silico extracellular peptidome data for
all thirteen BAL strains which had publicly available and completely sequenced genomes (as of
2016). Sequences of proteins encoded in the publicly available Bifidobacterium genomes were
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acquired from NCBI. In silico digestion of proteins using human gut endopeptidases was
performed. The peptides were compared and based on their theoretical mass (peaks) and
subsequent computation of consensus peak sets was carried out. The results showed that ATCC
27673 was singled out into a group of its own, while Bl-04 and Bi-07 had similar extracellular
peptidome. This tree was similar to those generated by SNPs typing (26). It also agreed with
previous finding that while most BAL strains share high genetic similarity, ATCC 27673 was
quite different from the rest (48).
Meanwhile, extracellular proteins have been associated with health effects of other
probiotics. Some examples of extracellular proteins studied include Serpin (AAN 23973) from B.
longum subsp. longum NCC 2705 which inhibits pancreatic and neutrophil elastases (229),
unidentified secreted protein from B. breve C50 (230), SlpA in L. acidophilus NCFM (231) that
increases IL-10 production by dendritic cell, and CHWPR peptide in BB-12 which upregulates cmyc (involved in cell proliferation) and IL-6 (232). My study also showed that BAL-secreted
compound can modulate inflammation in vitro. Thus, it is possible that differences in
extracellular proteins contributed to strain-specific effects seen in the present study.
In summary, BAL genomes harbor much information on potential strain-specific effects
and the underlying mechanisms. SNP analysis on Bi-07 and BB-12 genomes revealed SNPs
located in a variety of genes, including glcU and the gene involved in thiamin metabolism which
may affect metabolism of glucose and eventually lead to different immune effects. Also, previous
studies proposed that strain-specificity is related to different BAL peptidomes. Future research is
needed to confirm these hypotheses based on in silico data.
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Chapter 5 Conclusions

5.1 Conclusions
The five BAL strains used in the present study, Bl-04, Bi-07, DSM 10140, ATCC 27673
and BB-12 showed potential strain-specific immunomodulatory effects in two in vitro models of
gastrointestinal inflammation: HT-29 colon cancer cells (epithelial cells) and RAW 264.7 mouse
macrophages. By using Transwells™, I demonstrated that the BAL effects on the two cell lines
were mediated through secreted factors, and did not require direct contact between probiotics and
mammalian the cells.
In addition, with SNPs analysis we identified genes in Bi-07 and BB-12 which may be
associated with different fermentation pattern and subsequently different immune effects. Genes
that were most likely to have played roles in the current co-incubation models are glcU and the
gene involved in THMP, both of which may affect glucose metabolism by BAL strains. For glcU,
the SNP in Bi-07 and Bl-04 may have led to lower glucose uptake rates, reduced acid production
and weaker immune effects compared to DSM 10140, BB-12 and ATCC 27673, who share a
different SNP. Also, Bi-07 and BB-12 have SNPs in genes involved in oligosaccharide
metabolism, which may be of importance for BAL effects in vivo.
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5.2 Future Work
Several important research questions are raised by the results of my thesis research. The
identity of the immune active compounds secreted by BAL cultured in McCoy 5A’s media and
DMEM media remain to be identified. My results suggest that secreted acids may play an
important role, whereas other researchers have indicated that extracellular proteins may be
responsible for the immunomodulatory effects of Bifidobacterium spp. Identifying these
mediators is essential for improving our understating of the immunomodulatory mechanisms of
BAL.
Some studies have indicated that the immunomodulatory effects of Bifidobacterium spp.
requires the presence of viable cells in the intestine (214). I did not compare the activity of viable
BAL to heat-killed bacteria, so I can make no conclusions on whether this requirement applies to
BAL. My results, however, suggest that biochemical products are mediators of the
immunomodulatory effects of BAL, and therefore, a bacteria-free treatment approach could be
developed that includes these biochemical products. Further studies are needed to better examine
this question.
This work provides theoretical foundation for animal and human studies to investigate
strain-specific effects of BAL on gastrointestinal inflammation. As mentioned earlier, for in vitro
study it is challenging to interpret the results and extrapolate them to animal or human. Therefore,
in order to gain a more holistic view of BAL effects on gastrointestinal inflammation, animal
and/or human study would be a good approach. Specifically, it would be interesting to compare
the effect of BAL strains on healthy mouse and IBD model mouse. In addition, one of the
questions surrounding use of probiotics for health or disease management is that guidance is
lacking as to what is the proper dose to be administered. Thus dose-response experiment could be
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carried out to determine at what concentration would BAL be safe and effective for healthy
mouse and for mouse at different stages IBD.
More research can be done to identify different genes in these BAL strain that resulted in
their immune effects. Gene knockout can be used to verify the functions of the putative genes.
This will provide a mechanistic insight as to how BAL strains modulate inflammation and explain
the strain-specificity. It may also provide a foundation for prediction of immune effects in other
probiotic strains. Furthermore, one can determine key characteristics of high, medium and low
efficacy probiotics strains. This will facilitate strain classification based on immune effects as
well selection for the appropriate strains to deliver desired health benefits.
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