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ABSTRACT 

Probiotic bacteria are functional ingredients that provide significant 

health benefits, including modulation of host immune function and attenuating 

the risk and severity of infections. Numerous studies have examined the 

influence of probiotic bacteria, either alone or combined, on innate and 

adaptive immune function in an effort to link probiotic use with changes in 

inflammatory mediators or risk of infection. However, observed results vary by 

genus, species and strain of organism studied. Furthermore, the use of 

mixtures of probiotic bacteria makes it difficult to determine the 

immunomodulatory properties of BB-12 or other probiotic species. Thus, 

careful analysis of the immune outcomes affected by each of the commonly 

used probiotic strains is necessary.  

Bifidobacterium animalis subsp. lactis BB-12 is a widely used strain in 

the genera Bifidobacterium. Evidence suggests that consumption of BB-12 

combined with other probiotic species can modulate both innate and adaptive 

immune responses in human subjects. A limited number of studies have 

investigated the role of BB-12 alone on immunity and disparate effects of BB-

12 on immune outcomes are reported. Therefore, the primary aim of this 

project was to evaluate the effect of oral consumption of one strain of probiotic 

bacteria, BB-12, at a dose of log 10 ± 0.5 CFUs/day, on innate and adaptive 

immune responses in healthy adults in a randomized, partially blinded, 4-

period cross-over free-living study. There is evidence that the matrix used to 

deliver probiotic bacteria may influence the performance and efficacy of 

probiotic interventions in vivo. BB-12 can be consumed either in dairy 

products, especially yogurt, or in capsule form. Furthermore, BB-12 can be 
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added into yogurt either prior to or following the yogurt fermentation process, 

which varies among manufacturers. Thus, a secondary goal of this study was 

to determine if the delivery matrix (yogurt smoothies vs capsule), and timing of 

the addition of BB-12 to the yogurt smoothies (pre- or post-fermentation) 

impacted the immunological responses to BB-12 in humans.  

Healthy adults (n=30) aged 18-40 years old were recruited, and 

received 4 treatments for 4 weeks in a random order: A) yogurt smoothies 

alone; smoothies with BB-12 added B) before or C) after yogurt fermentation, 

or D) BB-12 given in capsule form. At baseline and after each 4-week 

treatment, peripheral blood mononuclear cells (PBMCs) were isolated, and 

functional immune outcomes and phenotypic marker expression on immune 

cells was assessed. Dietary intake of total calories and various nutrients were 

assessed via self-reported 3-day dietary recall. Physical activity status was 

evaluated via self-reported IPAQ questionnaire. Incidence and severity of cold 

or flu infection in the past month was assessed using established self-

reported URTI questionnaire. 

The goal of study 1 was to determine at baseline which endogenous 

and exogenous host factors contribute to the heterogeneity in innate and 

adaptive immune responses and cold or flu status among healthy subjects; 

and if these host factors also confound the relationship between phenotypic 

marker expression, immune function, and cold or flu status. We analyzed 

baseline immune function of participants. This included anti-CD3 induced T 

cell proliferation and secretion of IL-2 and IFN-γ, and LPS stimulated TNF-α 

and IL-6 secretion from PBMCs. We also examined dietary intake, physical 

activity level, and the incidence and severity of cold or flu symptoms in our 
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participants. We demonstrated that host-related factors (including age, BMI, 

physical activity, and daily intake of total calorie and various dietary 

components) contributed significantly to heterogeneity in T cell effector 

function and cold or flu status, and confounded the association between 

activation marker expression on T cells and T cell effector function. These 

factors also impacted the association between innate and adaptive immune 

response and incidence and severity of cold or flu infection. We also found 

that individual lifestyle and dietary variables contribute a small amount to T 

cell effector function and cold or flu status. However, combinations of these 

variables significantly improved the predictive relationship between activation 

marker expression and T cell proliferation and IL-2 secretion, and also 

strengthened the associations between IL-6 and IFN-γ secretion and the 

incidence and severity of cold or flu symptoms, respectively. In conclusion, 

these results suggest that lifestyle and dietary factors are important variables 

that contribute to immune responses and should be included in human clinical 

trials that assess immune endpoints. The analysis with baseline immune data 

has enabled us to understand the variability in human immune outcomes and 

has been insightful about how to analyze the treatment effects of BB-12 

consumption on immune outcomes in our clinical trial.  

The goal of study 2 was to evaluate the effect of BB-12 consumption 

on innate immune responses; and to determine if the innate immune response 

to BB-12 differed depending on the delivery matrix (yogurt smoothies vs 

capsule) of BB-12 and timing of addition of BB-12 to yogurt fermentation 

process (pre- or post-fermentation). We found that consumption of BB-12 

delivered in yogurt smoothies post-fermentation significantly reduced pro-
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inflammatory cytokine (TNF-α) secretion from peripheral myeloid cells 

stimulated with heat-inactivated BB-12 (p=0.0490) or LPS (p=0.0387) 

compared to baseline in young healthy adults, suggesting an anti-

inflammatory effect of BB-12. We also found that BB-12 interacted with 

peripheral myeloid cells via Toll-like receptor 2 (TLR-2), and consumption of 

yogurt smoothies with BB-12 added post-fermentation for 4 weeks 

significantly decreased TLR-2 expression on peripheral blood derived 

monocytes, which may contribute to the reduction in TNF-α secretion in 

participants. These findings are not only the first to demonstrate anti-

inflammatory properties of BB-12, but also indicate that the matrix of BB-12, 

and the timing of its addition to yogurt fermentation process influenced the 

immunological effects of BB-12.  

The goal of study 3 was to evaluate the effect of BB-12 consumption 

on T cell and NK cell function and concurrently self-reported cold or flu 

incidence and severity. A sub-aim was to determine if delivery matrix (yogurt 

smoothies vs capsule) of BB-12 and timing of addition of BB-12 to yogurt 

fermentation process (pre- or post-fermentation) influenced immune 

responses and related cold or flu status. We found that participants who 

consumed yogurt smoothies alone, yogurt smoothies with BB-12 added pre-

fermentation or BB-12 in capsule form increased T cell proliferation and 

cytokine (TNF-α and IL-2) secretion, and NK cell cytotoxicity, and concurrently 

reduced number of days with cold or flu by 2-3 days. However, consumption 

of yogurt smoothies with BB-12 added post-fermentation did not change T cell 

and NK cell function; and did not alter severity of cold or flu. These findings 
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demonstrate that the timing of addition of BB-12 to yogurt smoothies 

influenced the immunomodulatory properties of BB-12. 

Combined, the results from our clinical trial demonstrate that diet and 

physical activity variables should be assessed in clinical trials to control for 

variability in immune outcomes. Furthermore, consumption of 109-1010 cfu/d of 

BB-12 for 4 weeks was effective in modulating responses of both innate 

(cytokine secretion from myeloid cells and NK cell cytotoxicity) and adaptive 

cells (T cell proliferation and cytokine secretion) in young adults. We also 

found that the delivery matrix of BB-12 (e.g. yogurt smoothies vs. capsule) 

and timing of BB-12 addition to yogurt influences the effect of BB-12 on 

immune responses, and inflammatory and infection-related outcomes. 

Specifically, the consumption of yogurt smoothies with BB-12 added post-

fermentation results in blunted innate and adaptive immune responses, 

suggesting that this processing technique influences the probiotic activity of 

BB-12, and warrants further study. Lastly, we found strong correlation 

between changes in T cell and NK cell function and URTI severity suggesting 

that immune modulation may be one mechanism underlying the link between 

probiotic consumption and infection-related outcomes. Results from the 

current studies will contribute to our understanding that BB-12 alone 

modulates systemic immunity in humans and sheds light on potential 

mechanisms by which BB-12 is exerting its effects on immunity and infection 

risk.   
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CHAPTER 1 

INTRODUCTION 

Probiotic bacteria are functional ingredients that provide significant 

health benefits, including modulation of host immune function (1). A functional 

immune system is required to maintain health, and it is important in the 

clearance of foreign pathogens and tumor cells and reduction in inflammation 

and infection risk. Immunomodulatory properties of probiotic bacteria in the 

genera Lactobacillus and Bifidobacterium are extensively studied, and overall 

the results are mixed (2-8). It appears that large strain and species 

differences exist (8). In addition, variability due to dose and duration of 

supplementation, characteristics of the study population, and delivery matrix 

of probiotics have been reported (8). Thus, well-designed clinical trials using a 

single strain of probiotics on immune, inflammatory, and infection outcomes 

are needed. 

Bifidobacterium animalis subsp. lactis BB-12, a strain in the genera 

Bifidobacterium, is widely used in food manufacturing (9). In comparison to 

other probiotic strains, BB-12 has numerous advantages, including 

maintenance of viability until consumption, resistance to degradation by 

gastric acid and bile, and adhesion to human intestinal epithelial cells and 

mucin following consumption (9). These features may allow BB-12 to survive 

during passage through the gastrointestinal tract and exert its probiotic effect 

(9-13). Evidence suggests that consumption of BB-12 combined with other 

probiotic species can modulate both innate and adaptive immune responses 

in human subjects (14-16). However, the results vary based on which 

probiotic bacteria were given in conjunction with BB-12 (14-16). Studies 
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investigating the effect of BB-12 alone on immunity also yield inconsistent 

results (15, 17-20). Additional studies are needed to clarify the role of BB-12 

alone on innate and adaptive immune responses, and inflammation- and 

infection-related outcomes in humans. Therefore, the primary aim of this 

project was to evaluate the effect of one strain of probiotic bacteria, BB-12, on 

innate and adaptive immune responses in healthy adults in a randomized, 

partially blinded, 4-period cross-over free-living study. Specifically, we 

hypothesize that consumption of BB-12 will 1) increase secretion of pro-

inflammatory cytokines (TNF-α and IL-6) from heat-inactivated BB-12 or 

lipopolysacchride (LPS) stimulated PBMCs, and alter expression of HLA-DR 

and Toll-like receptor 2 on peripheral blood-derived monocytes; 2) increase T 

cell and NK cell effector function, and concurrently reduce incidence and 

severity of cold or flu infection.  

Probiotics are often considered to act independently of the matrix used 

to deliver them to the human host (21). Dairy products, especially yogurt, are 

the most common delivery matrix of BB-12 (22); however, BB-12 can also be 

consumed as dietary supplements in capsule form (23). While this expands 

the options for BB-12 consumption, it is not clear if BB-12 in different delivery 

matrices will have different immunomodulatory effects (23). Furthermore, BB-

12 can be added into yogurt either prior to or following the yogurt fermentation 

process, which varies among manufacturers. Fermentation products produced 

by BB-12 during yogurt manufacturing may also have an influence on the 

efficacy of BB-12. Thus, a secondary goal of this study was to determine if the 

delivery matrix (yogurt smoothies vs capsule), and timing of the addition of 

BB-12 to the yogurt smoothies (pre- or post-fermentation) impacted the 
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immunological responses to BB-12 in humans. In particular, we hypothesize 

that 1) BB-12 delivered in yogurt smoothies will have greater impact on 

immune responses than BB-12 in capsule form; 2) timing of addition of BB-12 

in yogurt fermentation process will not influence immunological responses. 

Results from this project will contribute to our understanding of how 

BB-12, as a single organism, modulates immunity and upper respiratory tract 

infection (URTI) risk and severity. Additionally, the results of this dissertation 

provide insight on food manufacturing process that influences the probiotic 

effect of BB-12. 
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LITERATURE REVIEW 
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2.1. Introduction 

Probiotic bacteria are functional ingredients that provide significant 

health benefits, including modulation of host immune function (1). A functional 

immune system is required to maintain health, and it is important in the 

clearance of foreign pathogens and tumor cells. Previous studies using 

various lactic acid producing probiotic strains in the genera Bifidobacterium 

report alterations in both innate and adaptive immunity, including phagocytic 

activity of macrophages, natural killer (NK) cell cytotoxicity, serum antibody 

levels, and cytokine secretion from CD4+ helper T cells (2, 4, 6, 24). However, 

different Bifidobacterium species have diverse effects on immune function, 

indicating large strain specificity in the immunomodulatory effect of 

Bifidobacterium species. Therefore, careful analyses of the 

immunomodulatory properties of each commonly used Bifidobacterium 

species are necessary to fully characterize the relationship between 

Bifidobacterium consumption and immunity.  

2.2. Overview of Bifidobacterium 

Probiotics are live cultures of microorganisms that, when administered 

in an adequate amount, can be beneficial to the health of the host (25). Lactic 

acid producing bacteria, including the genera Lactobacillus and 

Bifidobacterium, are the most widely used probiotic bacteria (1, 26). This 

review focuses on the characteristics of Bifidobacterium, which is one of the 

major constituents of microbiota in human intestine (26). Bifidobacterium is 

Gram-positive, non-pore-forming, non-mobile, and anaerobic bacterium (26). 

It was first discovered from the feces of a breast-feeding infant in 1899 (26). 

There are numerous Bifidobacterium species; however, the most common 
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species used are B. lactis, B. animalis, B. longum, B. adolescentis, B. breve, 

and B. bifidum. 

2.3. Health Benefits of Bifidobacterium 

Bifidobacterium has been found to provide significant health benefits, 

including many in the gastrointestinal tract (1). Evidence from human clinical 

studies and animal experiments demonstrate that consumption of 

Bifidobacterium can improve intestinal microbial balance, decrease bowel 

transit time, as well as reduce the risk and severity of diseases in the 

gastrointestinal tract (27-29). Previous studies report that these probiotic 

bacteria can be protective in animal models of spontaneous and chemically-

induced colitis due to a reduction in gene expression of pro-inflammatory 

cytokines, including TNF-α, IFN-γ, IL-1β and MCP-1 (29, 30). A recent animal 

study demonstrates that a combination of 3 Bifidobacteria and 4 Lactobacilli 

strains ameliorates colitis-associated colorectal carcinogenesis in mice via an 

increase in anti-tumor cytokine production in the gut (31). Furthermore, in 

animal models of food allergy, Bifidobacterium can decrease allergen-specific 

IgE production, and alter systemic cytokine production (32). In humans, 

probiotics have been used to treat inflammatory and infectious diseases of the 

intestine (e.g. inflammatory bowel disease, irritable bowel syndrome, 

infectious diarrhea, colorectal cancer, H.pylori infection) with some success 

(27, 28, 31, 33). Overall, these beneficial effects may be due to the 

modulation of host immune response by Bifidobacterium. 

2.4. Overview of the Immune System  

A functional immune system is required to maintain health, and is 

essential in clearance of invading foreign pathogens and tumor cells. The 
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immune system is typically divided into two separate but complimentary 

components, innate and adaptive immunity. Innate immunity provides the first 

line of defense against common microorganisms, and refers to non-specific 

defense mechanisms that may be triggered immediately or within a short 

period of time of a foreign pathogen (antigen) invasion in the body. These 

defense mechanisms include physical barriers such as skin and intestinal 

membranes; proteins that exert anti-microbial activities, including lysozymes, 

interferon and complements; and immune cells that can recognize, 

phagocytose or kill invading pathogens or infected cells. Major immune cells 

involved in innate immune system include dendritic cells (DCs), 

monocytes/macrophages, natural killer (NK) cells, and granulocytes, such as 

neutrophils, basophils, eosinophils, and mast cells. DCs, 

monocytes/macrophages, and mast cells are on guard in areas of entry of a 

broad spectrum of microorganisms. If an invading pathogen disrupts the 

normal tissue environment, DCs, macrophages and mast cells release 

cytokines (e.g. TNF-α and IL-6) and histamine that recruit other immune cells 

into the damaged tissue, which initiates the inflammation process. Activation 

of innate immunity is critical for adequate initiation of the more complicated 

and effective adaptive immune response, including both humoral and cell-

mediated immunity.  

Immune cells of the adaptive immune system, including B and T 

lymphocytes, differ from innate immune cells in that they express surface 

receptors that are specific for invading antigens. Upon recognition of an 

antigen, immune cells of the adaptive immune system undergo repeated 

rounds of clonal expansion to eradicate foreign antigens or tumor cells. 
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Adaptive immunity cells also have the capacity to form immunological memory 

for future protection against specific antigens. Humoral immune responses 

are mediated by B cells, which secrete immunoglobins into peripheral blood or 

tissues, and these immunoglobins bind to antigens to facilitate their clearance 

from the body. Cell-mediated immune responses are mediated by T cells, 

which include CD3+CD4+ T helper cells and CD3+CD8+ cytotoxic T cells 

(CTL). T cell recognition of antigens requires the coordination with antigen-

presenting cells (APCs), including DCs, macrophages, and B cells. APCs link 

innate and adaptive immunity due to their ability to process and present 

microbial antigens to T cells following activation and maturation. Human APCs 

express major histocompatibility complex (MHC) HLA-DR, which is associated 

with intercellular recognition and antigen presentation to T cells. Ligation of T 

cell receptor with antigen-specific peptides bound with MHC molecules on 

APCs can initiate activation of T cells. Upon activation, T cells will undergo 

repeated rounds of cell division, or proliferation, which is accompanied by 

production of various cytokines (e.g. IFN-γ, TNF-α and IL-2). T cell 

proliferation and cytokine production are important effector functions required 

for adequate T cell responses. Coordination between innate and adaptive 

immune responses is needed for efficient elimination of invading pathogens, 

and is also necessary for repairing pathogen-induced tissue damage. 

2.5. Immune Effect of Bifidobacterium in Combination with other 

Probiotics 

Several studies have investigated the effect of consumption of 

Bifidobacterium species in combination with other lactic acid producing 

bacteria on innate and adaptive immunity in human subjects and experimental 
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animals. Distribution of immune cells, cytokine and immunoglobin production, 

T cell proliferation, and monocyte/macrophage phagocytic activity vary based 

on which probiotic bacteria were given in conjunction with Bifidobacterium (31, 

34-73). Consumption of a single strain of B. lactis, B. longum, B. breve, or B. 

bifidum in combination with other Lactobacillus strains (e.g. Lactobacillus 

rhammosus GG, Lactobacillus paracasei, and/or Lactobacillus acidophilus) 

produce variable results, with some studies reporting an increase and others 

demonstrating no effect of probiotic on T cell proliferation and cytokine 

secretion, NK cytotoxiciy, leukocyte phagocytosis or immunoglobin production 

in human subjects and animal models (34-59). Moreover, studies with 

combinations of Bifidobacterium species alone or in conjunction with 

Lactobacillus strains have also reported inconsistent findings on T cell, B cell, 

and DC responses in in vivo and in vitro models (31, 60-73). The 

interpretation of the results from these studies is difficult because multiple 

probiotic strains were used. Compared to an individual strain, multiple strains 

may compete for the same Toll-like receptor, which can recognize and 

interact with various probiotic bacteria (20, 74). The competition among 

strains may prevent some Bifidobacterium species from interacting with 

immune cells (20, 74). In addition, certain probiotic strains may also suppress 

or alter the immunomodulatory effect of others by secreting inhibitory factors, 

which may reduce the efficacy of probiotic mixtures (74, 75). Therefore, it is 

essential to clarify the role of single strain of Bifidobacterium species on 

immune function in human subjects and animal models.  

2.6. Immunomodulatory Properties of Various Single Strains of 

Bifidobacterium Species in Human and Animal Studies 
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2.6.1.  Adaptive Immunity 

Distribution of T cells and T cell Subsets in Peripheral Blood 

Numerous studies in humans and experimental animals have explored 

the effect of various Bifidobacterium species on the distribution of T cells and 

T cell subsets in peripheral blood. Randomized controlled trials that 

investigate the effect of B. longum and B. lactis consumption on the 

distribution of T cells and T cell subsets demonstrate inconsistent findings. 

Subjects with a clinical history of Japanese cedar pollinosis had no change in 

T cell counts in peripheral blood after consuming B. longum BB536 for 13 

weeks during pollen season (76). Similarly, healthy adults who consumed a 

fermented milk drink containing B. lactis BB-12 for 3 weeks or BB-12 capsules 

for 6 weeks had no change in the number or percent of CD3+, CD3+CD4+, 

CD3+CD8+ T cells and activated T cells in peripheral blood (15, 20, 77). 

However, consumption of another B. lactis strain HN019 for 3 weeks 

significantly increases the proportions of CD3+ and CD4+ T cells and activated 

T cells without altering the proportion of CD8+ T cells in healthy older adults 

(2). Overall, consumption of B. longum or B. lactis BB-12 may not influence 

distribution of T cells and T cell subsets; however, B. lactis HN019 may 

increase the percentage of total, helper, and activated T cells. Thus, 

differences in the modulatory effect of Bifidobacterium on T cell distribution 

exist not only between species, but also in the sub-species level of B. lactis. 

Animal studies that investigate the effect of various Bifidobacterium 

species on the distribution of T cells also yield mixed results depending on the 

model and lymphoid organ evaluated. Daily consumption of B. lactis HN019 

for 7 days prior to Salmonella Typhimurium infection does not change the 
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percentage of CD4+ and CD8+ T cells in mesenteric lymph nodes and Peyer’s 

patches of BALB/c mice (78). Oral administration of skim milk containing 0.9-

1.5 x 109 cfu/d of B. bifidum BGN4 for 4 weeks does not alter the number of 

CD4+CD69+ activated T cells in the spleen of mice with IBD (79). The 

percentage of Tregs in spleen, draining lymph nodes and Peyer’s patches in 

BALB/c mice that received 109 cfu of B. longum AH1206 for 14 days is not 

different from controls following challenge with OVA (80). Similarly, the 

percentage of Tregs in lung and T cells in bronchoalveolar lavage fluid in 

BALB/c mice that received 109 cfu of B. longum AH1206 for 14 days is not 

different from controls following challenge with OVA (80). Thus, the 

percentage or number of T cells and subsets, activated T cells and Tregs are 

not influenced by consumption of B. lactis, B. bifidum, or B. longum. 

Various Bifidobacterium species have been examined as interventions 

in rodent models of lung inflammation. Oral administration of 109 cfu/d of B. 

lactis BB-12 for 8 weeks increases expression of FoxP3 in peribronchial 

lymph node cells in germ-free BALB/c mice with OVA-induced airway 

inflammation (81). The percentage of Tregs in lung of BALB/c mice that 

received 109 cfu of B. longum AH1206 for 14 days is greater compared with 

controls following a single challenge with OVA (80). Similarly, oral gavage 

with 108 cfu of B. breve for 14 days increases the number of Tregs in the 

intestine and spleen of OVA-sensitized mice (32). Overall, B. lactis, B. 

longum, and B. breve may reduce airway inflammation by increasing the 

percentage or number of Tregs in OVA-sensitized mice. 

The infiltration of T cells into various organs in response to 

inflammatory stimuli has also been examined following the consumption of 
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various Bifidobacterium species. Oral consumption of 109 cfu of B. animalis 

for 12 weeks decreases the number of T cells infiltrating in the lung in BALB/c 

mice with OVA-induced respiratory allergy (82). Oral administration of skim 

milk containing 0.9-1.5 x 109 cfu of B. bifidum BGN4 daily for 4 weeks 

decreases the number of infiltrating CD4+ T cells in large intestine and spleen, 

and number of CD4+CD69+ activated T cells in the large intestine of mice with 

IBD (79). Similarly, consumption of 109 cfu of B. longum AH1206 for 14 days 

decreases the percentage of T cells in bronchoalveolar lavage fluid in BALB/c 

mice following a single challenge with OVA (80). Combined, oral consumption 

of B. animalis, B. bifidum, and B. longum may lead to a reduction in the 

number of infiltrating T cells in tissues during the inflammation process, which 

may prevent inflammation-associated tissue damage. 

Combined, these data suggest that the consumption of Bifidobacterium 

may influence the distribution of T cells and T cell subsets in a strain-

dependent manner in both human and animal studies. In both humans and 

experimental animals, B. lactis and B. longum do not influence the percentage 

of T cells and T cell subsets. However, in animal studies, B. lactis, B. longum, 

and B. breve increase the percentage or number of Tregs; and B. animalis, B. 

bifidum, and B. longum reduce the number of infiltrating T cells. These 

alterations in T cell distribution and phenotype may contribute to a reduction in 

tissue damage due to inflammation, particularly in the lung.  

 

T Cell Proliferation 

No studies to date have explored the effect of any single strain of 

Bifidobacterium species on T cell proliferation in randomized, controlled 
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clinical trials. However, both broad-based stimuli (e.g. mitogens) and antigen-

specific T cell proliferative responses have been examined following 

administration with Bifidobacterium species in experimental animals and the 

result vary considerably. Oral administration of skim milk containing 2x107 - 

2x1011 cfu of B. adolescentis BBMN23 or B. longum BBMN68 daily for 4 

weeks increases Con A-induced splenic T cell proliferation in healthy 

pathogen-free BALB/c mice (24). Feeding BALB/c mice with B. lactis HN019 

for 7 days prior to Salmonella Typhimurium infection increases the 

proliferative capacity of splenic and Peyer’s patch T cells in response to PHA 

(78). In addition to murine models, feeding healthy piglets with 109 cfu of B. 

lactis HN019 daily for 14 days also enhances proliferation of peripheral T cells 

in response to Con A (83). In summary, oral consumption of B. adolescentis, 

B. longum, or B. lactis is able to enhance mitogen-induced proliferative 

capacity of T cells isolated from spleen, Peyer’s patch, or peripheral blood in 

experimental animals.  

In contrast, oral administration of 109 cfu of B. lactis BB-12 every 

second day for 8 weeks decreases OVA-specific splenocyte proliferation in 

germ-free BALB/c mice with OVA-induced airway inflammation (81). Daily 

consumption of B. animalis MB5 for 28 days decreases OVA-stimulated 

proliferative activity of T cells isolated from mesenteric lymph nodes in OVA-

immunized rats (84). Similarly, oral gavage with 108 cfu of B. breve for 14 

days decreases OVA-specific splenic T cell proliferation in OVA-sensitized 

mice (32). Overall, B. lactis, B. animalis, and B. breve have the ability to 

reduce OVA-specific T cell proliferation in murine models. 
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Lastly, several Bifidobacterium species, B. animalis and B. lactis do not 

influence proliferative capacity of T cells in response to either specific 

antigens or broad-based stimuli in mice. Daily consumption of B. animalis 

MB5 for 28 days does not change OVA-specific splenic or mesenteric lymph 

node T cell proliferation in OVA-tolerized rats (84). Daily consumption of B. 

animalis MB5 for 28 days also does not alter splenic T cell proliferation in 

response to OVA, anti-CD3 or Con A, or OVA-stimulated mesenteric lymph 

node T cell proliferation in OVA-immunized rats (84). Consumption of B. lactis 

HN019 every day for 7 days prior to Salmonella Typhimurium infection does 

not alter PHA-stimulated mesenteric lymph node T cell proliferation in BALB/c 

mice (78). Similarly, oral administration of skim milk containing 1-1.5 x 108 

cfu/d of B. lactis HN001 or B. lactis HN019 for 5-9 weeks does not change 

thyroglobulin-specific splenic T cell proliferation in CBA/CaH (H-2K) mice with 

thyroglobulin-induced autoimmune thyroiditis (85). 

In summary, these findings suggest that Bifidobacterium species may 

influence broad-based and antigen specific T cell proliferation in experimental 

animals in a strain dependent manner. In addition to strain specificity, 

variability in T cell responses following consumption of Bifidobacterium 

species may exist due to variability in dose and duration of supplementation, 

characteristics of the animal models used, and choice of stimuli to induce T 

cell proliferation. 

 

T Cell Cytokine Secretion 

Cytokine production is the most extensively studied immune outcome 

following Bifidobacterium consumption. Numerous species of Bifidobacterium 
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can augment secretion of both Th1 and Th2 cytokines from T cells. 

Consumption of 1 x 1010 cfu of B. infantis 35624 in malted milk for 8 weeks 

increases the ratio of IL-10/IL-12p40 secreted from PBMCs isolated from 

patients with Irritable Bowel Syndrome, indicating a potential anti-

inflammatory effect of B. infantis (86). Consumption of fermented milk 

supplemented with 2 x 109 cfu/d of B. longum B6 for 8 weeks increases IFN-ɣ 

production and the IFN-ɣ/IL-4 ratio from OVA-stimulated splenocytes in OVA-

immunized BALB/c mice (87). Furthermore, consumption of 109 cfu of B. 

longum AH1206 for 14 days increases the production of IL-4, IL-10, and IFN-ɣ 

from splenocytes stimulated with anti-CD3/CD28 in BALB/c mice (80). Thus, 

oral consumption of B. infantis and B. longum may enhance secretion of both 

Th1 and Th2 cytokines. 

Several species of Bifidobacterium can reduce antigen-induced 

cytokine secretion from T cells. Oral consumption of 109 cfu of B. animalis for 

12 weeks decreases Con A-stimulated splenic IL-13 production in mice with 

OVA-induced respiratory allergy (82). Consumption of fermented milk 

supplemented with 2 x 109 cfu/d of B. longum B6 for 8 weeks decreases IL-4 

production from OVA-stimulated splenocytes in OVA-immunized BALB/c mice 

(87). Additionally, intranasal treatment of 5 x 108 cfu of B. longum NCC3001 

for 4 hours reduces allergen-specific IL-5 and IL-10 production from 

splenocytes in mice that were sensitized with a mixture of allergens (88). 

Similarly, intranasal treatment of 0.5-1x109 cfu of B. longum NCC3001 for 10 

days reduces allergen-specific IL-5 production from splenocytes in BALB/c 

mice that were sensitized with the same mixture of allergens (88). These 

findings demonstrate that B. animals, B. breve, and B. longum may reduce 
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secretion of Th2 cytokines from T cells stimulated with mitogens or specific 

antigens. However, future studies are needed to better understand additional 

experimental variable that contribute to the relationship between 

Bifidobacterium consumption and cytokine secretion. 

Several Bifidobacterium species also decrease pro-inflammatory and 

Th1 cytokine secretion from T cells in both healthy adults and animals, and 

animals with inflammatory disease. Kekkonen et al. reported that oral 

consumption of a milk drink containing B. lactis BB-12 for 3 weeks decreases 

influenza A.H3N2-specific IL-2 secretion from T cells in healthy adults (20). 

Oral administration of skim milk containing 0.9-1.5 x 109 cfu of B. bifidum 

BGN4 daily for 4 weeks decreases basal production of TNF-α and IFN-ɣ from 

splenic and intestinal mononuclear cells, and IFN-ɣ and MCP-1 production 

from splenic and intestinal T cells cocultured with intestinal epithelial cells in 

mice with IBD (79). Consumption of 109 cfu of B. infantis daily for 2 weeks 

reduces production of TNF-α and IL-6 from anti-CD3/CD28 stimulated 

splenocytes in an acute DSS-induced colitis model (89). Similarly, 

consumption of 109 cfu of B. infantis daily for 10 weeks reduces production of 

IFN-ɣ, TNF-α and IL-6 from anti-CD3/CD28 stimulated splenocytes in an 

adoptive CD4+ T cell transfer colitis model (89). Drinking water supplemented 

with 1010 cfu of B. infantis for 14 days also reduces Con A-stimulated IFN-ɣ 

and IL-6 production, and the IFN-ɣ/IL-10 ratio in PBMCs from healthy 

Sprague-Dawley rats (90). Oral consumption of milk with 108 cfu/d of 

B.longum Bb46 or 109 cfu of B. longum AH1206 for two weeks decreases Con 

A-induced IFN-ɣ production and CD3/CD28-induced TNF-α, respectively, 

from splenocytes (91). Intranasal treatment of 5 x 108 cfu of B. longum 
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NCC3001 for 4 hours reduces allergen-specific IFN-ɣ production from 

splenocytes in mice that were sensitized with a mixture of allergens (88). Mice 

fed with 109 cfu of Bifidobacterium Bf-1 for 8 hours have lower IL-6 and IFN-ɣ 

production by peritoneal T cells in response to PMA stimulation (92). In 

summary, a number of studies have demonstrated that consumption of B. 

lactis, B. bifidum, B. infantis, and B.longum (at a variety of doses and for 

varying duration) can reduce pro-inflammatory and Th1 cytokine secretion 

from both T cells and mononuclear cells.  

In addition to the studies documenting a stimulatory effect of several 

Bifidobacterium species on Th1 and Th2 cytokine secretion, several studies 

demonstrate no effect of Bifidobacterium consumption on T cell cytokine 

secretion. Consumption of B. lactis NCC2818 (93) and B. lactis BB-12 (14, 

20) does not alter secretion of both Th1 and Th2 cytokines in human subjects. 

In experimental animals, oral administration of B. infantis does not influence 

Th2 cytokine secretion (90), and B. animalis (82), B. bifidum (79), B. longum 

(80, 87, 91) does not change both Th1 and Th2 cytokine secretion in 

response to broad-based stimuli or specific antigens.  

In summary, inconsistent findings were observed in studies that 

examined the effect of Bifidobacterium species on antigen or mitogen-

stimulated cytokine secretion in human subjects and experimental animals. 

Variability in these studies may be due to strain specificity, differences in dose 

and duration of supplementation, characteristics of the human subjects and 

animal models used, delivery matrix of Bifidobacterium, and choice of stimuli 

to induce T cell response.  
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Distribution of B cells in Peripheral Blood 

The effect of Bifidobacterium consumption on B cell distribution has 

been examined in a few human and animal studies. Consumption of B. 

longum (76) and B.lactis (2, 77) does not change the percentage of B cells in 

peripheral blood in human subjects. Intranasal treatment of B. longum does 

not alter the percentage of antigen-specific IgE releasing B cells in mice (88). 

In contrast, consumption of B. animalis (94), B. adolescentis (94), B. bifidum 

(95) increases the number of immunoglobin (IgA, IgG, IgM) secreting cells in 

intestine or spleen in mice. Combined, these data suggest that effect of 

Bifidobacterium consumption on B cell distribution may be strain dependent, 

since B. animalis, B. adolescentis, and B. bifidum increases number of B 

cells, whereas B. longum and B. lactis does not have an effect. Additional 

studies are needed to clarify the effect of Bifidobacterium species on B cell 

distribution in both randomized controlled clinical trials and animal studies. 

 

B cell Proliferation and Antibody Production 

Only one animal study investigated the effect of Bifidobacterium 

species on B cells proliferation, and reported that daily consumption of B. 

lactis HN019 for 7 days prior to Salmonella Typhimurium infection increases 

proliferative capacity of splenic and mesenteric lymph node but not Peyer’s 

patch B cells in response to LPS in mice (78). It is difficult to summarize the 

effect of Bifidobacterium species on B cell proliferation based on a single 

study.  

Many studies have investigated the effect of Bifidobacterium 

consumption on total or antigen-specific immunoglobin production from B cells 
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in both human subjects and experimental animals and the results vary 

considerably. Several species of Bifidobacterium can augment immunoglobin 

production in human subjects and experimental animals. Oral consumption of 

B. lactis enhances the release of total or antigen-specific immunoglobin (IgA 

and IgG) to serum (15, 96), saliva (15), or GI tract (97) in humans. In animal 

studies, consumption of several Bifidobacterium species increases 

immunoglobin levels in blood, intestinal tract, and lung. Oral administration of 

B. adolescentis BBMN23 (98), B. longum BBMN68 (98), B. lactis (78, 83, 99), 

B. pseudocatenulatum (Bp) JCM 7041 (100), and B. bifidum (95) increases 

total or antigen-specific immunoglobin (IgA, IgG, IgM) production in intestinal 

tract of mice and piglets. Oral consumption of B. breve (101), B. lactis (102) 

also increases serum antigen-specific IgG levels in mice and piglets, 

respectively. In addition, intranasal treatment of B. longum enhances antigen-

specific IgA levels in the lungs of mice (88).  

In contrast, a number of Bifidobacterium species can reduce total or 

antigen-specific immunoglobin production in animals. Consumption of B. lactis 

(102, 103), B. bifidum (104), and B.longum (91) reduces total or antigen-

specific IgA, IgM and/or IgG production from B cells in mice and piglets. Oral 

consumption of B. longum (87), B. bifidum (104), and B. lactis (81) decreases 

serum OVA-specific IgE levels in mice with OVA-induced airway inflammation. 

In addition to the aforementioned findings, several studies demonstrate no 

effect of consumption of B. longum BB536 (76) and B.lactis (14, 15, 20, 96, 

105) on immunoglobin levels in blood, saliva, or feces in human subjects, and 

B. lactis (85, 102, 103), B. longum (80, 88, 91), and B. animalis (82) on serum 

total and/or antigen-specific immunoglobin levels in animals.   
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In summary, these observations suggest that the effect of 

Bifidobacterium species on antibody production varies considerably. However, 

it is not clear if this is due to differences in strain of probiotic used, duration 

and dose of supplementation, and/or vaccination model, or some other host 

factors that may impact the relationship between Bifidobacterium consumption 

and antibody production.  

2.6.2.  Innate Immunity 

Distribution of and Phenotypic Marker Expression on 

Monocytes/Macrophages 

The effect of consumption of B. longum and B. lactis on distribution of 

monocytes/macrophages is investigated in a few human and animal studies. 

Consumption of either B.longum BB536 for 13 weeks (76) or a milk drink 

supplemented with B. lactis BB-12 for 3 weeks (20) does not change the 

number of monocytes in peripheral blood in healthy adults. Furthermore, the 

proportion of HLA-DR+ APCs also remains unaltered in healthy older adults 

following consuming 5 x 109 or 5 x 1010 cfu/d of B. lactis HN019 for 3 weeks 

(2). In a murine allergy model, intranasal treatment of 5 x 108 cfu of B. longum 

NCC3001 for 4 hours does not change the number of macrophages in 

bronchoalveolar lavage fluid of mice that were sensitized with a mixture of 

allergens (88). However, a milk-based diet supplemented with 3 X 108 cfu/g of 

B. lactis HN019 for 7 days prior to and following E.coli challenge increases the 

percentage of active macrophages in peripheral blood and peritoneum 

BALB/c and C57BL/6 mice (99). The limited evidence to data suggests that 

the distribution of monocyte/macrophages under homeostatic conditions may 

not be altered by consumption of Bifidobacterium. However additional studies 
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are needed to determine if Bifidobacterium consumption may influence the 

accumulation of monocytes or tissue macrophages following inflammatory 

stimuli.   

 

Cytokine Secretion from in vitro Stimulated Monocytes/Macrophages 

Numerous studies in humans and experimental animals have explored 

the effect of various Bifidobacterium species on cytokine secretion from 

stimulated monocytes/macrophages, and the results vary depending on the 

model, lymphoid organ evaluated, and choice of stimuli of 

monocytes/macrophages. Consumption of B. longum (106) and B. lactis BB-

12 (14) does not alter both pro- and anti-inflammatory cytokines from mitogen-

stimulated PBMCs in healthy adults. Furthermore, oral consumption of B. 

pseudocatenulatum (100), B. infantis (90), and B.longum (91) also has no 

influence on monocyte/macrophage cytokine production in animal studies. 

However, several Bifidobacterium species can augment cytokine secretion 

from monocytes/macrophages. Consumption of milk containing 3 x 1011 cfu of 

B. lactis HN019 daily for 6 weeks increases in vitro IFN-α secretion from PHA-

stimulated PBMCs in healthy older adults (107). Similarly, consumption of 5 x 

108 cfu/d of B. infantis 35624 for 5 weeks increases IL-12p40 production from 

in vitro Peyer’s patch cells stimulated with Salmonella Typhimurium or B. 

infantis in IL-10 knock-out (KO) mice (108). Oral consumption of 109 cfu/d of 

B. pseudocatenulatum (Bp) JCM 7041 for 7 days increases in vitro production 

of IL-10 and IL-12p40 from Peyer’s patch phagocytes and IL-5 from cecal 

patch in response to Bp stimulation in mice (100).  
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In contrast, several species of Bifidobacterium decreases pro-

inflammatory cytokine production from monocytes/macrophages in human 

subjects and experimental animals. Oral administration of B. infantis 35624 for 

8 weeks reduces in the secretion of TNF-α and IL-6 from LPS-stimulated 

PBMCs in healthy adults (109). Similarly, consumption of 2 x 1011 cfu of B. 

longum together with fructo-oligosaccharide (FOS) and inulin for 4 weeks 

decreases in vitro TNF-α secretion from LPS stimulated (106). Administration 

of drinking water supplemented with 1010 cfu of B. infantis for 14 days reduces 

LPS stimulated TNF-α production from PBMCs in healthy Sprague-Dawley 

rats (90). These findings suggest anti-inflammatory effects of B. infantis and 

B.longum due to their ability to reduce pro-inflammatory cytokine secretion 

following LPS stimulation. The results from these studies suggest that multiple 

experimental variables (e.g. different animal model, dose, duration and 

species of probiotic supplementation) may influence the release of pro- and/or 

anti-inflammatory cytokines from monocytes/macrophages. However, no 

distinct patterns have emerged.  

 

Phagocytic Activity of Monocytes/Macrophages 

Monocyte/macrophage phagocytic responses have been examined 

following administration with Bifidobacterium species in both randomized 

controlled trials and animal studies, and the result vary considerably. All 

randomized controlled trials that investigate the effect of Bifidobacterium 

consumption on phagocytosis used B. lactis as the intervention. Consumption 

of milk supplemented with 5 x 109 - 3 x 1011 cfu/d of B. lactis HN019 for 3-6 

weeks increases phagocytic capacity of macrophages in healthy middle-aged 
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and older adults (2, 4, 107). Similarly, Schiffirin et al. found that consumption 

of fermented milk containing 1010 cfu of B. lactis BB-12 for 3 weeks also 

increases monocyte phagocytosis of E.coli. in healthy subjects (77). However, 

two additional studies observed no effect of B. lactis BB-12 capsule 

consumption on phagocytosis in healthy adults who received the probiotic at a 

dose of 108 -- 1011 cfu/d for 3 weeks (14) and 109 cfu/d for 6 weeks (15), 

respectively. An enhancement in macrophage phagocytosis is observed in 

participants who consumed B. lactis subspecies delivered in a milk drink, 

suggesting that dairy products may be a better delivery matrix to observe a 

probiotic effect of B. lactis.    

The effect of consumption of several Bifidobacterium species on 

phagocytic activity of monocytes/macrophages is investigated in a few animal 

studies. Administration of non-fat milk supplemented with 107 cfu/d of B. 

animalis CRL 1247 for 5 and 7 days, or B. adolescentis CRL 1243 for 7 days 

does not change peritoneal macrophage phagocytosis to Candida albicans in 

BALB/c mice (94). However, consumption of Bifidobacterium species also 

enhances phagocytic activity of monocytes/macrophages in mice and pig 

models. Oral administration of skim milk containing 2x107 - 2x1011 cfu/d of B. 

adolescentis BBMN23 or B. longum BBMN68 for 4 weeks increases 

peritoneal macrophage phagocytosis in healthy pathogen-free mice (24). 

Similarly, oral supplementation of 1.3 x 108 cfu of B. longum for 24 weeks 

enhances phagocytic activity of peritoneal macrophages to E. coli in mice with 

carcinogen-induced tumors (110). Moreover, consumption of B. lactis HN019 

for 7 days prior to Salmonella Typhimurium infection increases phagocytic 

capacity of peritoneal and blood macrophages in response to E. coli in mice 
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(78). In addition to murine models, daily consumption of 109 cfu of B. lactis 

HN019 for 14 days also enhances phagocytic activity of leukocytes in 

peripheral blood in healthy piglets (99). Overall, these studies demonstrate 

that B. adolescentis, B. longum, and B. lactis increase the phagocytic activity 

of monocytes/macrophages. However, additional studies are needed to 

determine variables (e.g. delivery matrix of Bifidobacterium, duration of 

supplementation) that may influence the effect of Bifidobacterium 

consumption on monocyte/macrophage phagocytosis. 

 

Dendritic Cells 

Only one clinical study has investigated the effect of Bifidobacterium 

species on dendritic cells, and reported that consumption of 5 x 109 or 5 x 

1010 cfu/d of B. lactis HN019 for 3 weeks does not change the proportion of 

HLA-DR+ DCs in healthy older adults (2). It is difficult to summarize the effect 

of Bifidobacterium species on dendritic cells based on a single study. 

Additional studies are needed on this topic. 

 

Distribution of Natural Killer (NK) Cells 

Only two randomized controlled trials have investigated the effect of 

Bifidobacterium consumption on distribution of NK cells in peripheral blood, 

and both used B. lactis as the intervention. Consumption of 5 x 109 or 5 x 1010 

cfu/d of B. lactis HN019 for 3 weeks significantly increases the proportions of 

NK cells in healthy older adults (2). However, consumption of fermented milk 

containing 1010 cfu of B. lactis BB-12 every day for 3 weeks does not 

influence the percentage of NK cells in peripheral blood in young healthy 
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adults (77). Thus, additional studies are needed to clarify the role of 

Bifidobacterium species in distribution of NK cells. 

 

Activity of NK Cells 

The effect of consumption of several Bifidobacterium species on NK 

cell cytotoxic activity has been investigated in both human and animal studies. 

Oral administration of low-fat milk containing 5 x 109 - 5 x 1010 cfu/d B.lactis 

HN019 for 3 weeks enhances tumor-cell-killing activity of NK cells in healthy 

middle-aged and older adults (2, 4). Oral administration of skim milk 

containing 2x107 - 2x1011 cfu/d of B. adolescentis BBMN23 or B. longum 

BBMN68 for 4 weeks increases NK cell cytotoxicity in healthy pathogen-free 

BALB/c mice (24). However, a change in NK cell cytotoxicity was not 

observed in healthy adults that consumed 109 cfu/d of B.lactis BB-12 capsule 

for 6 weeks (15). Limited evidence suggest that consumption of 

Bifidobacterium delivered in milk drink may enhance NK cell activity in both 

human subjects and animals, suggesting that dairy products may be a better 

delivery matrix to support the probiotic effect of Bifidobacterium. More studies 

are needed to determine the effect of other Bifidobacterium species on NK 

cell function in both randomized controlled trials and animal studies. 

  

Distribution of Granulocytes in Peripheral Blood and other Tissues 

Studies in humans and experimental animals have investigated the 

distribution of granulocytes following administration with Bifidobacterium 

species. Supplementation with B. longum (76, 80, 88) or B.lactis (20) does not 

change granulocyte distribution in human subjects and experimental animals. 
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In contrast, one study reported that consumption of diet containing 2 x 109 

cfu/kg body weight of B. lactis NCC2818 for 8 weeks increases the number of 

mast cells in the small intestine of piglets (102).  

However, a reduction in the infiltration of granulocytes into lung and 

intestinal sites, and percentage of granulocytes in peripheral blood has been 

observed in animals following the consumption of various Bifidobacterium 

species. Oral consumption of 109 cfu of B. animalis for 12 weeks decreases 

the number of infiltrating eosinophils in lung of BALB/c mice with OVA-

induced respiratory allergy (82). Oral administration of 109 cfu of B. lactis BB-

12 every second day for 8 weeks decreases pulmonary eosinophilia in germ-

free BALB/c mice with OVA-induced airway inflammation (81). 

Supplementation with 109 cfu of B. longum AH1206 for 14 days decreases the 

bronchoalveolar lavage fluid eosinophilia in BALB/c mice following OVA 

challenge (80). Intranasal treatment of 5 x 108 cfu of B. longum NCC3001 for 

4 hours or 10 days reduces the number of eosinophils in bronchoalveolar 

lavage fluid of BALB/c mice that were sensitized with a mixture of allergens 

(88). Oral administration of 109 cfu of B. lactis B94 for 5 weeks decreases 

gastric neutrophil infiltration in C57BL/6 mice infected with H. Pylori (103). 

Oral treatment with B. bifidum BGN4 for 5 weeks decreases serum mast cell 

degranulation in OVA-sensitized C3H/HeJ mice (104). These findings suggest 

the B. animalis, B. lactis, B. bifidum, and B. longum may have the potential to 

alleviate inflammation-induced tissue damage by reducing granulocyte 

infiltration into various tissues.  

In summary, the effect of Bifidobacterium species on distribution of 

granulocytes in peripheral blood and other tissue is not consistent. Additional 
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studies are needed to determine if Bifidobacterium consumption may 

influence the accumulation of granulocytes in blood, lung or intestine in 

allergic or inflammatory conditions. 

 

Function of Granulocytes 

Only two studies have examined the effect of B.lactis on function of 

granulocytes, and found contradictory results. Consumption of fermented milk 

containing 1010 cfu/d of B.lactis BB-12 for 3 weeks increases granulocyte 

phagocytosis of E.coli in healthy adults (77). In contrast, consumption of B. 

lactis NCC2818 for 4 weeks decreases expression of CD63 on basophils 

activated with allergen in adults with history of SAR (93). Additional studies 

are needed to examine the role of Bifidobacterium species in altering 

granulocyte function in both randomized controlled trials and animal studies.  

 

2.7. Rational for Current Research 

It is clear that large differences exist among Bifidobacterium species 

and subspecies in their immunomodulatory properties. However, disparate 

immunological effects of the same probiotic also are often reported. Thus, 

additional studies are needed to clarify and address several key issues. First, 

we must identify if host factors (including age, gender, BMI, physical activity 

status, and dietary intake) influence immunity and confound the relationship 

between Bifidobacterium consumption and immune function. These factors 

have not been adequately controlled for in many clinical trials assessing the 

effect of Bifidobacterium on immune responses. An understanding of these 

host-related factors is necessary to evaluate the efficacy of probiotic 
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interventions on immune function and inflammation and/or infection-related 

risk and is the focus of study 1. 

We chose to use Bifidobacterium animalis subsp lactis BB-12 as the 

probiotic intervention in this study because this organism has been 

extensively studied in a variety of populations with respect to its effect on 

gastrointestinal function (111). However significantly less work has done to 

determine if any of the health benefits of Bifidobacterium animalis subsp lactis 

BB-12 is related to changes in immune function. A number of strains of B. 

animalis subsp. lactis are currently in commercial use (Table 2.1) throughout 

the world. An example of a commercial product containing B. animalis subsp. 

lactis (Strain DN 173 010) is Dannon’s Activia yogurt. Additionally, B. animalis 

subsp. lactis can be grown easily, and is tolerance to oxygen, which enhances 

viability throughout its shelf life. 

Table 2.1. Common commercial strains of B. animalis subsp. Lactis 

Strain Supplier Genome Sequence Reference 

BB-12 Chr. Hansen’s Complete (111) 

Bl-04 Danisco Complete (112) 

Bi-07 Danisco Not Available (113) 

HN-019 Fonterra Draft (114) 

DSMZ 10140T DSMZ1 Complete (112) 

DN-173-010 Danone Proprietary (115) 
1DSMZ=Deutsche Sammlung von Microorganismen and Zellkulturen  
 

In humans, some Bifidobacterium species, including B. lactis BB-12, 

have been used to treat inflammatory diseases of the intestine (e.g., 

inflammatory bowel disease, irritable bowel syndrome) (18, 19). The 

mechanisms underlying the beneficial effect of B. lactis BB-12 in these 

inflammatory diseases are unknown. However, evidence from animal studies 

demonstrates that oral consumption of B. lactis NCC2818 reduces colonic 

inflammation in a murine colitis model via a reduction in the pro-inflammatory 
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markers TNF-α and IL-6 (29, 116). Therefore, the beneficial effect of B. lactis 

BB-12 in inflammatory bowel disease (IBD) patients may be mediated via its 

role in the modulation of innate immunity, in particular in inflammatory 

response. Thus, well-designed clinical trials are needed to determine the 

effect of B. lactis BB-12 consumption on innate immune function and 

inflammatory mediators and is the focus of study 2. 

Previous studies have examined the effect of Bifidobacterium species, 

including B. lactis BB-12, on other health outcomes, including URTI in children 

and adults. These data demonstrate that B. lactis BB-12 supplementation can 

reduce susceptibility to URTI (117-120). However, the mechanisms underlying 

the beneficial effect of BB-12 on URTI risk and severity is unknown. Adequate 

immune responses, including T cell and NK cell activity, contribute to 

reduction in the incidence and severity of URTI (121-124). Two human studies 

have investigated the effect of BB-12 alone as the probiotic intervention on 

influenza-specific cytokine secretion from T cells, but found mixed results (15, 

20). However, no study to date has investigated the effect of consumption of 

BB-12 alone on T cell and NK cell function concurrently with self-reported 

URTI questionnaire data to determine if BB-12 induced alteration in immune 

responses are associated with its impact on URTI. Therefore, additional 

studies are needed to clarify the role of BB-12 on NK and T cell function and 

URTI-related outcomes in humans and is the focus of study 3. 

Lastly, probiotics can be given in a variety of matrices (21). Dairy 

products, especially yogurt, are commonly used to deliver Bifidobacterium 

(22); however, Bifidobacterium can also be consumed in capsule form (23). 

While this expands the options for probiotic consumption, it is unclear if 
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Bifidobacterium delivered in capsule form are as effective in modulating 

immunity as when delivered in a dairy food (23). Several studies found that 

the enhancement in macrophage phagocytosis is observed in participants 

who consumed B. lactis subspecies delivered in fermented milk drink (e.g. 

yogurt), indicating dairy products may be a better delivery matrix for efficacy 

and probiotic effect of B. lactis. Following consumption, the acidic 

environment and buffering system provided by yogurt may confer a survival 

advantage to Bifidobacterium, and the nutrient composition and buffering 

capacity of yogurt may also directly influence the efficacy and probiotic effect 

of Bifidobacterium (22, 125, 126). Thus, selection of delivery matrix is an 

important component to sufficiently evaluate the immunomodulatory effect of 

Bifidobacterium. A subcomponent to study 2 and 3 is also to determine if the 

delivery matrix influences the immunomodulatory effect of B. lactis BB-12.  
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CHAPTER 3 

In vitro production of IL-6 and IFN-γ is influenced by 

dietary variables and predicts upper respiratory tract 

infection incidence and severity respectively in young 

adults 

 

 

 

 

 

 

_______________________ 
* The results presented in this chapter were published in Frontier in 

Immunology: 
Meng H, Lee Y, Ba Z, Fleming JA, Furumoto EJ, Roberts RF, Kris-Etherton 
PM and Rogers CJ (2015) In vitro production of IL-6 and IFN-γ is influenced 
by dietary variables and predicts upper respiratory tract infection incidence 
and severity respectively in young adults. Front. Immunol. 6:94. doi: 
10.3389/fimmu.2015.00094 
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3.1. Abstract 

Assessment of immune responses in healthy adults following dietary or 

lifestyle interventions is challenging due to significant inter-individual 

variability. Thus, gaining a better understanding of host factors that contribute 

to the heterogeneity in immunity is necessary. To address this question, 

healthy adults (n=36, 18-40 years old, BMI 20-35 kg/m2) were recruited. 

Dietary intake was obtained via 3-day dietary recall records, physical activity 

level was evaluated using the IPAQ questionnaire, and PBMCs were isolated 

from peripheral blood. Expression of activation markers on unstimulated 

immune subsets was assessed by flow cytometry. T cell proliferation and 

cytokine secretion was assessed following in vitro stimulation with anti-CD3 or 

LPS. Furthermore, the incidence and severity of cold or flu symptoms were 

obtained from self-reported URTI questionnaires. The relationship between 

activation marker expression on T cells and T cell effector functions; and in 

vitro cytokine secretion and URTI was determined by linear or logistic 

regression. CD69 and CD25 expression on unstimulated T cells was 

significantly associated with T cell proliferation and IL-2 secretion. Incidence 

and severity of cold or flu symptoms was significantly associated with in vitro 

IL-6 and IFN-γ secretion, respectively. Furthermore, host factors (e.g. age, 

BMI, physical activity, and diet) contributed significantly to the relationship 

between activation marker expression and T cell effector function, and 

cytokine secretion and cold and flu status. In conclusion, these results 

suggest that lifestyle and dietary factors are important variables that 

contribute to immune responses and should be included in human clinical 

trials that assess immune endpoints. 
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3.2. Introduction 

Host immune function is influenced by endogenous factors (e.g. age, 

gender, genetics), as well as various exogenous factors (e.g. diet, physical 

activity, alcohol consumption) (127-132). Thus, heterogeneity in both innate 

and adaptive immune responses exists even among healthy adults. This inter-

subject variability makes it challenging to evaluate the effect of dietary or 

lifestyle interventions on immune function as many of these interventions 

have moderate effects as compared to pharmacological intervention trials 

(131, 133). Additionally, cost and feasibility often limit the sample size in 

clinical trials. Thus, gaining a better understanding of host related factors that 

may contribute to the variability in innate and adaptive immune responses in 

healthy adults is necessary to adequately control for the contribution of these 

influences in clinical trials that assess immunity. 

The assessment of innate and adaptive immune function often involves 

complex assay methodologies; thus large clinical trials frequently are not 

designed to quantify these types of immunologic outcomes. Many human 

clinical trials measure serum makers (e.g. antibody titers, cytokine levels) as 

indicators of immune function because of ease of collection, assessment and 

storage (131). However, these endpoints alone may not adequately capture 

the immune response. Thus, additional studies are needed to assess 

functional immune outcomes (e.g. T cell proliferation, in vitro cytokine 

secretion) concurrently with the phenotypic characterization of immune cell 

populations via flow cytometry to determine if cell surface marker expression 

on immune cells can serve as a biomarker for effector function (e.g. 

proliferation and cytokine secretion).   
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Numerous human clinical trials have evaluated the effect of lifestyle 

interventions on the incidence and severity of cold or flu symptoms captured 

in self-reported upper respiratory tract infection (URTI) questionnaire data. 

The immune response of the host is known to be an important component of 

the pathogenesis of cold or flu infection (121). However, very few studies 

have quantified immune function (inflammatory cytokine responses or T cell 

function) concurrently with the self-reported URTI questionnaire data to 

determine if any immune outcomes are correlated with cold or flu 

symptomology. Two studies have reported an increase in salivary IgA 

concentration in subjects who had a lower incidence and severity of URTI 

symptoms (134, 135). In a third study, the risk of URTI in athletes was 

associated with antigen-stimulated IL-10 production and salivary IgA secretion 

(136). All three studies demonstrate that changes in immune function can be 

correlated with reduced symptoms of URTI. However, the goal of these 

studies was to determine if exercise reduced URTI, so the relationship 

between URTI symptomology, salivary IgA and IL-10 may be confounded by 

the exercise intervention. To date, no studies have examined inflammatory 

cytokine response or T cell effector function in subjects who completed self-

reported URTI questionnaire data to determine if T cell effector function or 

inflammatory cytokine production was related to URTI incidence or severity. 

Therefore, the goals of the current study were (1) to determine which 

endogenous and exogenous host factors contribute to the heterogeneity in 

innate and adaptive immune responses among healthy subjects; (2) to 

determine if activation marker expression on freshly isolated T cells, 

macrophages or DCs is associated with functional outcomes, i.e. anti-CD3 
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induced T cell proliferation and cytokine (IL-2 and IFN-γ) secretion or 

lipopolysaccharides (LPS) stimulated cytokine (TNF-α and IL-6) secretion 

from PBMCs, respectively; and (3) to determine if T cell proliferation and/or in 

vitro inflammatory cytokine production is associated with self-reported 

incidence and severity of cold or flu symptoms collected using a validated 

URTI questionnaire. 

3.3. Materials and methods 

3.3.1. Participants 

Healthy subjects (n=36, 25 women and 11 men) 18-40 years of age 

were recruited for the study. Exclusion criteria included: BMI greater than 

40kg/m2, smoking and/or use of other tobacco products, blood pressure ≥ 

140/90 mm Hg, use of blood pressure or cholesterol lowering medications, 

history of myocardial infarction, stroke, diabetes mellitus, liver disease, kidney 

disease and thyroid disease (unless controlled by medication and blood 

results within the previous six months were provided), lactation, pregnancy or 

desire to become pregnant during the study, clinical diagnosis of Inflammatory 

Bowel Disease (e.g. Crohn's Disease or ulcerative colitis), excessive alcohol 

consumption (> 14 standard drinks per week), chronic use of anti-

inflammatory medications (unless able to discontinue), refusal to agree to give 

blood or plasma for the length of the study. A complete blood count and 

standard biochemistry panel was obtained at screening to rule out the 

presence of illness (autoimmune disease, cancer, and immunodeficiency). 

Blood pressure was measured according to the Joint National Committee 7 

Guidelines (137).  

3.3.2. Recruitment and screening 
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Participants were recruited through advertisements in the local 

newspaper and university e-mail lists. Potential participants who called or 

emailed to indicate interest in participating in the study were given information 

about the study, and if still interested, were contacted and screened using a 

series of medical and lifestyle questions. Qualified participants were 

scheduled for clinic screening at the Penn State Clinical Research Center 

(CRC). After written informed consent was provided, participants’ height, 

weight, waist circumference and blood pressure were measured, followed by 

a fasting blood draw for a complete blood count and metabolic and 

immunologic endpoints. BMI was calculated according to body weight and 

height measured. From the participants who were screened, 36 were eligible 

to participant in the study. All the experiments in this study were performed 

with approval of the Institutional Review Board of the Pennsylvania State 

University-University Park campus (University Park, PA).  

3.3.3. Diet assessment 

Dietary intake of the participants was obtained via 24-hour dietary 

recalls for 3 days, including one weekend day. Briefly, participants were 

asked to recall their intake of food and beverages during breakfast, lunch, 

dinner, and snacks in the three days according to detailed instructions 

provided by trained staff. Portion size of each food item was also provided. 

Daily Intake of total calories, macronutrients, vitamins, minerals, caffeine, and 

alcohol was analyzed based on the recorded food intake of participants using 

Food Processor SQL software (ESHA Research, Salem, OR). 

3.3.4. Physical activity assessment 
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Physical activity level of participants was evaluated using the 

International Physical Activity Questionnaires (IPAQ) as previously reported 

(138). Briefly, the participants recorded the activities they performed during 

each 15-minute interval for 3 days, including one weekend day. The activities 

were categorized from 1 to 9 depending on their intensity as previously 

described (138). Daily intensity of physical activity was calculated by 

averaging the approximate metabolic equivalent of tasks (METs) of physical 

activities (categories 3 to 9) performed over a 24-hour period (96 periods of 

15 min). 

3.3.5. Upper respiratory tract infection questionnaire 

Participants (n=34) completed a self-administered upper respiratory 

tract infection (URTI) questionnaire, which was developed from established, 

frequently used instruments on the incidence (whether or not have 

experienced colds or flu episodes, with symptoms including a sore throat, 

runny or stuffy nose, coughing sneezing, fever, headache, general aches and 

pains, fatigue and discomfort) and severity (total number of days with cold or 

flu symptoms) of cold or flu symptoms over the past month. Participants were 

instructed to recall the occurrence of cold or flu in the last month, and advised 

on questionnaire completion. Two participants did not provide any information 

in their URTI questionnaires for unknown reasons. 

3.3.6. Blood sample collection and immunological assays 

Blood (50 ml) was collected in sterile EDTA (K2)-coated blood tubes 

(BD Biosciences, San Jose, CA) after a 12 hour fast by trained staff in CRC of 

Pennsylvania State University. 

Serum markers  
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Total cholesterol (TC) and triglycerides (TG) were measured by 

enzymatic procedures (Quest Diagnostics, Pittsburgh, PA; coefficient of 

variation CV < 2% for both). High density lipoprotein (HDL) cholesterol was 

estimated according to the modified heparin-manganese procedure (CV < 

2%). The Friedewald equation was used to calculate low density lipoprotein 

(LDL) cholesterol = TC − [HDL cholesterol + TG/5]) (139). Insulin was 

measured by radioimmunoassay (Quest Diagnostics). Glucose was 

determined by an immobilized enzyme biosensor using the YSI 2300 STAT 

Plus Glucose and Lactate Analyzer (Yellow Springs Instruments). Serum 

high-sensitivity C-reactive protein (hs-CRP) was measured by latex-enhanced 

immunonephelometry (Quest Diagnostics; assay CV < 8%). 

Isolation of immune cells  

Human blood was diluted 1:2 with phosphate buffer saline (PBS) 

(Mediatech, Manassas, VA), gently layered on top of lymphocyte separation 

media (LSM) (Corning, Manassas, VA), and centrifuged at 1600 rpm with low 

speed and no brake for 30 minutes at room temperature. Peripheral blood 

mononuclear cells (PBMCs) were collected at the plasma/LSM interface; 

washed twice with complete media RPMI 1640 (Mediatech) containing 10 mM 

HEPES (Mediatech), 10% heat-inactivated fetal bovine serum (Gemini, West 

Sacramento, CA), 2 mM L-glutamine (Mediatech), 0.1 mM nonessential 

amino acids (Mediatech), 1 mM sodium pyruvate (Mediatech), 100U/ml 

Penicillin/Streptomycin (Mediatech), and 55 μM 2-mercaptoethanol (Life 

Technologies, Grand Island, NY) at room temperature; and counted for use in 

functional and phenotypic analyses. 

Lymphocyte proliferation assay 
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PBMCs (2 X 106/ml) were incubated with 0 or 1μg/ml plate-bound 

purified mouse anti-human CD3 antibody (Life Technologies) in flat-bottomed 

96-well plates. After 54 hours in culture, the cells were pulsed with [3H] 

thymidine (1 μCi/well; Perkin Elmer, Waltham, MA) and harvested 18 hours 

later. Following incubation, cells were harvested onto glass fiber filter mats 

(Perkin Elmer) via a MicroBeta FilterMate-96 Harvester (Perkin Elmer). 

Incorporated radioactivity was measured by liquid scintillation counting on a 

2450 MicroBeta plate counter (Perkin-Elmer). Each assay was performed in 

triplicate. The proliferative response was expressed as a stimulation index 

(SI) calculated by dividing the mean cpm (counts per minute) of anti-CD3 

stimulated T cells by the mean cpm of unstimulated (media only) cells.  

Cytokine secretion assays 

PBMCs (2 X 106/ml) were stimulated with 1μg/ml plate-bound purified 

mouse anti-human CD3 antibody (Life Technologies), or 10 μg/ml 

lipopolysaccharide (LPS) (Sigma-Aldrich) in flat-bottomed 96-well plates. 

Supernatants from LPS plates were harvested and frozen after a 4-hour 

incubation, and supernatants from anti-CD3 plates were harvested and frozen 

after 48 hours. IFN-γ and IL-2 secretion from anti-CD3 stimulated PBMCs, 

and TNF-α and IL-6 secretion from LPS stimulated PBMCs were measured 

using the Human ELISA MAX™ Deluxe (Biolegend, San Diego, CA) as per 

manufacturer instructions. Each assay was performed in triplicate. 

Flow cytometric analyses 

PBMCs were washed twice in PBS at 4°C. Fc receptors on PBMCs 

were blocked by incubation with 1μg purified mouse anti-human CD16 

(Biolegend) per 1×106 cells for 15min at 4°C. PBMCs were stained with 
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fluorescence-labeled antibodies (1 μg per 1×106 cells) to the following cell 

surface markers: CD3e, CD4, CD8a, CD69, CD25, CD11c, CD14, HLA-DR. 

Antibody isotype controls included: mouse IgG2a and mouse IgM. All 

antibodies except CD16 were purchased from BD Biosciences. Following 

incubation with the conjugated antibodies for 30 min at 4° C, cells were 

washed twice in PBS and then fixed in cytofix (BD Biosciences) for flow 

cytometric analyses. Lymphoid and myeloid cells were gated on forward vs. 

side scatter and a total of 25,000 events were analyzed on a FC500 Benchtop 

Cytometer (Beckman Coulter, Pasadena, CA). Flow cytometric analyses were 

plotted and analyzed using FlowJo 7.6 (Tree Star, Ashland, OR).  

3.3.7. Statistical analyses 

Spearman’s rank correlation was used to determine the relationship 

between IL-2 and IFN-γ secretion from T cells and T cell proliferation. 

Differences in IFN-γ secretion from anti-CD3 stimulated T cells between 

participants with and without self-reported cold or flu episodes in the past 

month were determined using unpaired t-test. Differences in IL-6 secretion 

from LPS stimulated PBMCs between participants with and without self-

reported cold or flu episodes in the past month were determined using 

Wilcoxon-Mann-Whitney test. Correlations between LPS-induced IL-6 

secretion and anti-CD3 induced IFN-γ secretion and total number of days with 

cold or flu symptoms was determined via Spearman’s rank correlation. 

For all linear, logistic, and Poisson regression models, potential 

confounders (listed in Table 3.2 and 3.3) were selected based on previous 

published reports demonstrating a relationship between the variable of 

interest (e.g. BMI, vitamin D, zinc, etc.) and immune outcomes (128, 129, 
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132, 140-156). Confounding variables varied in different models, and were 

selected in each model based on their ability to change the slope of the 

regression line for the predictor. Briefly, a full model was fitted with either 

effector function or incidence and severity of cold or flu infection as the 

dependent variable and activation marker expression and all potential 

confounding factors mentioned above as the independent variables 

(predictors). Then, the potential confounding factor showing the smallest 

contribution to the model was removed, and the percent change of β for 

predictor in the current model relative to β in the full model was calculated. If 

the change was within ±10%, this potential confounding factor was deleted 

from the model. The potential confounding factors were removed from the 

model one by one based on the 10% change criteria until all the variables 

remaining in the model were significant at p≤0.05 level or the percent change 

of β was beyond ±10% range. Automated backward and stepwise elimination 

were also performed to determine which variables remained in the final 

model. Similar findings were obtained using all three model-building 

techniques.  

Statistical significance was accepted at the p ≤ 0.05 level. All data were 

analyzed using SAS (Statistical Analysis System, Version 9.4, Cary, NC). 

Graphs were plotted using GraphPad Prism 5 (La Jolla, CA). 

3.4. Results 

3.4.1. Participant characteristics.  

Anthropometric measurements, blood pressure, biochemical 

characteristics, physical activity, and dietary intake of participants are 

presented in Table 2.1. All 36 participants (25 females and 11 males) 
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completed the study. The participants were healthy, young adults (mean age 

of 28.3±1.0 years). The average BMI was 24.0±0.4 kg/m2; 26 (72.2%) 

participants were normal weight, 9 (25.0%) were overweight, and 1 (2.8%) 

was obese. Their blood pressure was normal and waist circumference, fasting 

blood glucose, insulin, lipids and lipoproteins, and CRP levels were within the 

normal range (Table 3.1). Dietary intake and physical activity was assessed 

from self-reported 3-day dietary recall records and IPAQ responses, 

respectively. The median daily physical activity intensity (based on self-

reported responses) was estimated to be 3.1 METs (range 2.4-5.2 METs). 

The average daily total calorie intake of participants calculated from 3-day 

dietary recall records was estimated to be 2281.0±130.8 kcal. The daily intake 

of macronutrients, vitamins, minerals and n-3 PUFA, caffeine and alcohol are 

reported in Table 3.1.  
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Table 3.1. Demographic characteristics of participants 1. 
  

Characteristics  Values (n=36) 

Age (yr) 28.3±1.0 

Male, n (%) 11 (30.6%) 

Body mass index (kg/m2) 24.0±0.4 

≤24.9 26 (72.2%) 

25.0 -29.9 9 (25.0%) 

≥30 1 (2.78%) 

Waist Circumference (cm) 85.2±1.3 

Blood pressure (mm Hg)  

Systolic 106.3±1.6 

Diastolic 72.6±1.1 

Glucose (mg/dL) 87.4±1.2 

Insulin (mg/dL) 5.2±0.7 

CRP (mg/L) 2.5±0.9 

Lipids and Lipoproteins (mg/dL) 

Total cholesterol (TC) 164.7±4.8 

LDL cholesterol 92.6±4.3 

HDL cholesterol 54.9±1.9 

Triglyceride (TG) 85.8±4.8 

Physical activity intensity (METs/d)2 3.1 (2.4-5.2) 

Dietary intake2 of   

Total calories (kcal/d) 2281.0±130.8 

Carbohydrate (g/d) 281.1±17.7 

Protein (g/d) 88.4±6.1 

Fat (g/d) 90.2±6.0 

Vitamin C (mg/d) 69.5±10.7 

Vitamin D (IU/d) 106.1±29.3 

Vitamin E (mg/d) 3.1±0.5 

Iron (mg/d) 14.3±1.2 

Selenium (µg/d) 40.2±4.4 

Zinc (mg/d) 6.0±0.6 

n-3 PUFA (g/d) 0.6±0.1 

Caffeine (mg/d) 71.3±14.6 

Alcohol consumption (g/d) 2.2±0.9 
1 Values are presented as mean ± SEM, or Median (range) or n (%) 
depending on the variable. 
2 Physical activity and dietary intake were assessed from self-reported 
responses to IPAQ and 3-day dietary recall records, respectively. 
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3.4.2. T cell proliferation and cytokine secretion.  

T cell proliferation (Figure 3.1A), IL-2 (Figure 3.1B) and IFN-γ (Figure 

3.1C) secretion in response to 1μg/ml anti-CD3 antibody stimulation were 

measured to determine the effector function of T cells from participants. The 

mean T cell proliferation (reported as stimulation index) in response to anti-

CD3 antibody was 149.40±19.52, (range 15.04 - 511.80). The mean IL-2 and 

IFN-γ production from anti-CD3 stimulated T cells was 0.37±0.08 ng/ml 

(range 0.00-1.45 ng/ml) and 102.70±8.09 ng/ml (range 1.35-169.40 ng/ml), 

respectively. We observed a large variation in all T cell effector functions 

(proliferation and cytokine secretion). Therefore, the relationship between T 

cell proliferation and cytokine secretion was examined to determine if subjects 

with greater T cell proliferation were those with high IL-2 and IFN-γ 

production. T cell proliferation was significantly correlated with IL-2 secretion 

(Figure 3.1D; Spearman r=0.3751, p=0.0264), but not with IFN-γ secretion 

(Figure 3.1E; Spearman r=0.0689, p=0.6941). 
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Figure 3.1. Effector function of T cells.  
Proliferation of T cells (A) in response to anti-CD3 antibody was assessed by tritiated thymidine [3H] incorporation. 
Stimulation index (SI) was calculated by dividing the mean cpm of stimulated T cells (in response to 1μg/ml anti-CD3) by the 
mean cpm of unstimulated cells (in media alone). Anti-CD3 stimulated IL-2 (B) and IFN-γ (C) secretion from T cells was 
measured by ELISA. Data are presented as mean ± SEM. T cell proliferation was significantly correlated with IL-2 secretion 
[(D); Spearman r=0.3751, p=0.0264], but not with IFN-γ secretion [(E); Spearman r=0.0689, p=0.6941)].  
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3.4.3. Activation marker expression on unstimulated T cells.  

The percentage of CD3+CD69+ (Figure 3.2A) and CD3+CD25+ (Figure 

3.2B) cells, and the mean fluorescence intensity (MFI) of CD69 and CD25 on 

double positive cells (Figure 3.2C and 3.2D, respectively) were quantified to 

determine the activation status of freshly isolated T cells. Bivariate plots of 

CD3 vs CD69 expression and CD3 vs CD25 expression are shown from one 

representative subject in Figure 3.2A and 3.2B inset graphs, respectively. The 

mean percentage of CD3+CD69+ T cells in PBMCs was 9.74±1.87% (range 

0.03% to 41.92%, Figure 3.2A), and the mean percentage of CD3+CD25+ T 

cells in PBMCs was 8.97±1.24% (range 0.92% to 36.39%, Figure 3.2B). The 

MFI of CD69 on CD3+CD69+ T cells was 13119±1878 (range 2546-39050), 

and the average MFI of CD25 on CD3+CD25+ T cells was 15791±2267 (range 

4504-60450). Representative flow histograms of CD69 expression on 

CD3+CD69+ cells and CD25 expression on CD3+CD25+ cells are shown in 

Figure 3.2C and 3.2D inset graphs, respectively.  
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Figure 3.2. Activation marker expression on T cells.  
Percentage of CD3+CD69+ T cells (A) and CD3+CD25+ T cells (B) in total 
PBMCs, and the MFI of CD69 on CD3+CD69+ T cells (C) and the MFI of CD25 
on CD3+CD25+ T cells (D) was assessed by flow cytometry. Data are 
presented as mean ± SEM. Bivariate plots of CD3 vs CD69 expression [(A) 
inset] or CD25 expression [(B) inset)] from one representative subject are 
shown. Insets of (C, D) show flow histograms of CD69 MFI on CD3+CD69+ T 
cells and CD25 MFI on CD3+CD25+ cells from one representative subject. 
Dashed lines represent isotype controls, and solid lines represent 
experimental samples.  
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3.4.4. Activation marker expression on unstimulated T cells was 

associated with T cell proliferation and cytokine secretion.  

To determine if activation marker expression (CD69 and CD25 

expression) on freshly-isolated, unstimulated T cells and T cell subsets and 

other host factors (e.g. age, BMI, physical activity and dietary factors) 

contribute to the variation in effector function (e.g. T cell proliferation and IL-2 

and IFN-γ secretion), linear regression analysis was used. Most of the 

variables in Table 3.1 contributed less than 10% to any of the immune 

outcomes (T cell proliferation, IL-2 and IFN-γ secretion) when included in the 

model alone (without activation marker expression), with the exception of age, 

HDL and vitamin D which contributed 10.3%, 11.0% and 11.3% of the 

variability in IL-2 secretion (Table 3.2; R2=10.25%; 10.98% and 11.27%, 

respectively). Also hs-CRP and vitamin D contributed to 11.6% and 12.1% of 

the variability in IFN-γ secretion (Table 3.2; R2 = 11.55% and 12.13%, 

respectively). However, the MFI of CD69 on CD3+CD69+ T cells alone 

accounted for 29% of the variability in T cell proliferation (Table 3.3, model 1, 

β=0.0058, R2=29.17%, p=0.0008). When BMI and the MFI of CD69 on 

unstimulated CD3+CD69+ T cells were included in the model, 45% of the 

variability in T cell proliferation was explained (Table 3.3, model 2, β=0.0063, 

R2=44.95%, p<0.0001). The MFI of CD25 on unstimulated CD3+CD25+ T cells 

was also significantly associated with T cell proliferation. The MFI of CD25 on 

CD3+CD25+ T cells alone accounted for 16% of the variability in T cell 

proliferation (Table 3.3, model 1, β=0.0035, R2=15.78%, p=0.0181). However, 

the predicted value of CD25 MFI on unstimulated CD3+CD25+ T cells was no 

longer significant when physical activity, daily intake of vitamin D, selenium, 
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and n-3 PUFA were included in the model (Table 3.3, model 2, β=0.0021, 

R2=36.29%, p=0.1490). Similar analyses were conducted to explore the 

relationship between the MFI of CD69 and CD25 on unstimulated T cell 

subsets and T cell proliferation. Data are presented in Supplemental Table 

3.1 and 3.2. The R2 of the predictor (activation marker expression) plus the 

individual confounding variables included in the models described in Table 3.3 

were examined to compare the relative contribution of each confounding 

variable when the predictor was in the model. BMI accounted for 16% of the 

variability in T cell proliferation when CD69 MFI on CD3+CD69+ T cells were 

included in the model (Supplemental Table 3.3; R2=15.79%). Dietary 

selenium intake accounted for 10% of the variability in T cell proliferation 

when CD25 MFI on CD3+CD25+ T cells was included in the model 

(Supplemental Table 3.3; R2=10.30%). 

The MFI of CD69 on unstimulated CD3+CD69+ T cells was also 

significantly associated with IL-2 secretion from anti-CD3 stimulated T cells. 

The MFI of CD69 on CD3+CD69+ T cells accounted for 29% of the variability 

in IL-2 secretion (Table 3.3, model 1, β=0.0242, R2=29.02%, p=0.0010). 

When age, physical activity, daily total calories, vitamin D and iron intake 

were included in the model as confounding factors, 64% of the variability in IL-

2 secretion was explained (Table 3.3, model 2, β=0.0205, R2=64.19%, 

p=0.0002). The MFI of CD25 on unstimulated CD3+CD25+ T cells was also 

significantly associated with IL-2 secretion. The MFI of CD25 on freshly-

isolated, unstimulated CD3+CD25+ T cells alone accounted for 55% of the 

variability in IL-2 secretion (Table 3.3, model 1, β=0.0276, R2=55.29%, 

p<0.0001). After controlling for age, daily total calories, vitamin D and iron 
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intake as confounding factors, the MFI of CD25 on unstimulated CD3+CD25+ 

T cells and confounding factors accounted for 74% of the variability in IL-2 

secretion (Table 3.3, model 2, β=0.0209, R2=74.00%, p<0.0001). Similar 

analyses were done to explore the relationship between the MFI of CD69 and 

CD25 on unstimulated T cell subsets and IL-2 secretion from anti-CD3 

stimulated T cells. Data are presented in Supplemental table 3.1 and 3.2. The 

R2 of the predictor (activation marker expression) plus the individual 

confounding variables included in the models described in Table 3.2 were 

examined to compare the relative contribution of each confounding variable 

when the predictor was in the model. None of the individual dietary or lifestyle 

variables contributed more than 10% to variability in IL-2 secretion 

(Supplemental Table 3.3). 

Unlike the relationship between T cell activation marker expression and 

IL-2 secretion, only the MFI of CD25 on unstimulated CD3+CD25+ cells was 

associated with IFN-γ secretion from anti-CD3 stimulated T cells. CD25 MFI 

on unstimulated CD3+CD25+ cells alone accounted for 13% of the variability 

in IFN-γ secretion (Table 3.3, model 1, β=1.2020, R2=12.91%, p=0.0369). 

However, the value of CD25 MFI on unstimulated CD3+CD25+ cells was no 

longer significant when daily intake of vitamin C, vitamin D, selenium and n-3 

PUFA were included in the model as confounding variables (Table 3.3, model 

2, β=0.9655, R2=31.97%, p=0.0958). CD69 MFI on CD3+CD69+ T cells was 

not associated with IFN-γ secretion before (Table 3.3, model 1, β=0.9298, 

R2=5.28, p=0.1911) and after adjusting for confounding variables (Table 3.3, 

model 2, β=0.7203, R2=30.93, p=0.4823). Similar analyses were done to 

explore the relationship between the MFI of CD69 and CD25 on unstimulated 
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T cell subsets and IFN-γ secretion from anti-CD3 stimulated T cells. Data are 

presented in Supplemental table 3.1 and 3.2. Since the MFI of CD69 and 

CD25 alone on T cells was not associated with IFN-γ secretion, we further 

examined the relationship between IFN-γ secretion and other potential 

immunomodulatory factors, including age, BMI, physical activity level, daily 

intake of total calories, vitamin C, vitamin D, E, selenium, iron, zinc, n-3 

PUFA, caffeine, and alcohol consumption to determine which variables 

significantly impacted IFN-γ secretion. Daily intake of vitamin D was the only 

variable that was significantly associated inversely with IFN-γ secretion. 

Vitamin D intake contributed to 12% of the variability in IFN-γ secretion (Table 

3.2, β=-88.4027, R2=12.13, p=0.0470). 
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Table 3.2. Contributions of individual variables to immune function and cold or flu incidence and severity1,2,3 
 

  R2 (%)   Odds Ratio (95% CI)   95% CI 

  SI 
IL-2 

secretion 
IFN-γ 

secretion 
TNF-α 

secretion 
IL-6 

secretion   Cold or flu incidence   
Number of days 
with cold or flu 

Age 1.38 10.25 2.69 0.01 0.35  1.085 (0.867,1.359)  (-0.105,0.120) 

BMI 0.72 0.39 2.70 2.81 0.16  1.085 (0.619,1.901)  (-0.258,0.240) 

Insulin 1.77 3.40 3.24 2.27 0.47  0.789 (0.546,1.139)  (-0.040,0.191) 

CRP 0.31 3.45 11.55 3.19 1.25  0.908 (0.683,1.208)  (-0.021,0.098) 

Serum total cholesterol 6.08 0.07 2.80 0.08 0.17  1.042 (0.989,1.098)  (-0.038,0.002) 

Serum HDL 0.00 10.98 0.15 1.36 1.55  0.950 (0.839,1.076)  (-0.042,0.052) 

PA 7.28 8.71 0.15 0.13 5.55  1.169 (0.141,9.669)  (-1.362,1.275) 

Dietary intake of           

Total calories 0.00 3.33 0.02 16.68 9.89  0.998 (0.994,1.002)  (-0.001,0.001) 

Vitamin C 2.97 2.39 1.99 15.48 5.31  1.006 (0.982,1.031)  (-0.009,0.014) 

Vitamin D 1.98 11.27 12.13 8.05 4.67  1.002 (0.992,1.012)  (-0.321,0.095) 

Vitamin E 9.84 0.03 3.13 0.31 1.19  1.440 (0.894,2.320)  (-0.044,0.013) 

Iron 5.53 4.15 4.53 7.63 12.18  1.246 (0.726,2.141)  (-0.171,0.103) 

Selenium 2.49 5.07 3.23 0.28 2.93  1.047 (0.964,1.137)  (-0.044,0.013) 

Zinc 3.19 2.78 3.35 2.60 4.77  0.809 (0.364,1.799)  (-0.361,0.214) 

n-3 PUFA 1.81 0.41 1.44 0.47 5.80  0.013 (0.001,5.176)  (0.029,2.920) 

Caffeine 0.04 0.28 0.17 0.02 1.26  1.015 (0.992,1.038)  (-0.024,0.005) 

Alcohol consumption 0.55 0.01 1.16 1.87 2.73   1.039 (0.824,1.311)   (-0.085,0.115) 
 
1Waist circumference, glucose, SBP and DBP were not included because they were collinear with BMI.  
2Serum LDL and TG were not included because they were collinear with serum total cholesterol.  
3Dietary intake of carbohydrates, proteins and fat were not included because they were collinear with total calorie intake.
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Table 3.3. Activation marker expression on unstimulated T cells as predictors of T cell effector function1. 

1 T cell proliferation was evaluated by quantifying tritiated thymidine incorporation following stimulation with anti-CD3 
antibodies, and results are reported as a stimulation index. Stimulation index was calculated by dividing the cpm of the anti-
CD3 induced T cell proliferation by unstimulated T cells. 

 
CD69 MFI on CD3+CD69+ T cells  CD25 MFI on CD3+CD25+ T cells 

β R2 (%) Variables in the model p value  β R2 (%) Variables in the model p value 

Anti-CD3 induced T cell proliferation1   

Model 1 0.0058 29.17 
CD69 MFI on CD3+CD69+ 
T cells 

0.0008  0.0035 15.78 
CD25 MFI on CD3+CD25+ 
T cells 

0.0181 

Model 2 0.0063 44.95 Model 1 + BMI <0.0001  0.0021 36.29 
Model 1 + PA, vitamin D, 
selenium, n-3 PUFA 

0.1490 

Anti-CD3 induced IL-2 secretion from T cells 
   

Model 1 0.0242 29.02 
CD69 MFI on CD3+CD69+ 
T cells 

0.0010  0.0276 55.29 
CD25 MFI on CD3+CD25+ 
T cells 

<0.0001 

Model 2 0.0205 64.19 
Model 1 + age, PA, total 
calories, vitamin D, iron 

0.0002  0.0209 74.00 
Model 1 + age, PA, total 
calories, vitamin D, iron 

<0.0001 

Anti-CD3 induced IFN-ɣ secretion from T cells  
  

Model 1 0.9298 5.28 
CD69 MFI on CD3+CD69+ 
T cells 

0.1911  1.2020 12.91 
CD25 MFI on CD3+CD25+ 
T cells 

0.0369 

Model 2 0.7203 30.93 
Model 1 + age, BMI, PA, 
total calories, vitamin C, 
D, selenium, zinc, alcohol 

0.4823  0.9655 31.97 
Model 1 + vitamin C, D, 
selenium, n-3 PUFA 

0.0958 
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3.4.5. Cytokine secretion and HLA-DR expression on DCs and 

macrophages.  

The percentage of DCs (CD123+CD11c+HLA-DR+) and macrophages 

(CD14+HLA-DR+) in PBMCs, and HLA-DR expression on unstimulated DCs 

and macrophages were both quantified. The percentage of DCs in PBMCs 

was 4.86±1.12% (range 0.07-14.18%), and the average MFI of HLA-DR on 

DCs was 94446±10084 (range 23500-255000, data not shown). The 

percentage of macrophages in PBMCs was 14.38±1.00% (range 3.79-

27.22%), and the average MFI of HLA-DR on macrophages was 46817±3528 

(range 16100-111000, data not shown). TNF-α and IL-6 secretion from 

PBMCs in response to 10μg/ml LPS stimulation was also measured. The 

mean TNF-α and IL-6 production from LPS-stimulated PBMCs was 1.16±0.10 

ng/ml (range 0.33-2.39 ng/ml) and 15.01±1.15 ng/ml (range 5.55-25.05 

ng/ml), respectively. Of the variables shown in Table 2.1, dietary iron 

contributed to 12.2% of the variability in IL-6 (Table 2.2; R2=12.18%) and total 

calories and vitamin C contributed to 16.7% and 15.5% of the variability in 

TNF-α secretion (Table 2.2; R2= 16.68% and 15.48%, respectively). All other 

variables contributed to less than 10% of the variability in IL-6 and TNF-α 

secretion. HLA-DR expression on DCs and macrophages was not associated 

with TNF-α and IL-6 production from LPS stimulated DCs and macrophages 

(data not shown). 

3.4.6. Cytokine secretion was associated with the incidence and 

severity of cold or flu symptoms. 

Participants (n = 34) completed a URTI questionnaire at their clinical 

visit. According to their self-reported cold or flu incidence, 17 participants had 
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one or more cold or flu episodes in the past month. The association between 

activation marker expression (CD69 and CD25); T cell proliferation; T cell 

cytokine secretion (IL-2 and IFN-γ); HLA-DR expression on antigen 

presenting cells; and cytokine secretion (TNF-α and IL-6) from LPS stimulated 

PBMCs, and self-reported cold and flu incidence or severity was examined by 

logistic and Poisson regression, respectively. No association was observed 

between activation marker expression, T cell proliferation, HLA-DR 

expression on antigen presenting cells, and TNF-α secretion from LPS 

stimulated PBMCs and cold and flu incidence and severity (data not shown). 

However, IL-6 secretion from LPS stimulated PBMCs was significantly higher 

in participants with self-reported cold or flu symptoms compared to 

participants without cold or flu symptoms in the past month (Figure 3.3A, 

p=0.0471). The average concentration of IL-6 secretion from LPS stimulated 

PBMCs of participants without self-reported cold or flu episodes was 

12.17±1.34 ng/ml, and the concentration of IL-6 secretion from participants 

with cold or flu episodes was 17.00±1.64 ng/ml. IL-6 secretion was associated 

with the incidence of cold or flu episodes before (Table 3.4, model 1, β=-

0.1471, OR=0.863, 95% CI=(0.749, 0.994), p=0.0414) and after incorporating 

daily intake of total calories, vitamin C, iron and zinc as confounding variables 

in the model (Table 3.4, model 2, β=-0.2392, OR=0.787, 95% CI=(0.632, 

0.980), p=0.0325). However, IL-6 secretion was not associated with the total 

number of days with self-reported cold or flu symptoms before (Figure 3.3C, 

Spearman r=0.2335, p=0.2229; and Table 3.4, model 1, β=0.0252, 95% CI=(-

0.042, 0.092), p=0.4609) and after incorporating daily intake of total calories, 
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vitamin D, iron, and zinc as confounding variables in the model (Table 3.4, 

model 2, β=0.0801, 95% CI=(-0.018, 0.178), p=0.1105).  

In contrast to IL-6 secretion, IFN-γ secretion from anti-CD3 stimulated 

T cells was significantly lower in participants with self-reported cold or flu 

symptoms compared to participants without these symptoms in the past 

month (Figure 3.3B, p=0.0376). The average concentration of IFN-γ secretion 

from anti-CD3 stimulated T cells of participants without self-reported cold or 

flu episodes was 119.30±10.45 ng/ml, and the concentration of IFN-γ 

secretion from participants with cold or flu episodes was 84.19±12.45 ng/ml. 

IFN-γ secretion was not associated with the self-reported incidence of cold or 

flu episodes alone (Table 3.4, model 1, β=0.0141, OR=1.014, 95% CI=(0.997, 

1.032), p=0.1019), or after incorporating confounding variables (age, BMI, 

daily intake of vitamin D, iron, zinc, n-3 PUFA, caffeine, and alcohol 

consumption) in the model (Table 3.4, model 2, β=0.0556, OR=1.057, 95% 

CI=(0.983, 1.133), p=0.1158). However, IFN-γ secretion was inversely 

correlated with total number of days with self-reported cold or flu symptoms 

(Figure 3.3D, Spearman r=-0.4989, p=0.0031). IFN-γ secretion was 

significantly associated with total number of days with cold or flu symptoms 

(Table 3.4, model 1, β=-0.0138, 95% CI=(-0.022, -0.006), p=0.0005). After 

incorporating daily intake of vitamin C, zinc, caffeine, and alcohol 

consumption as confounding variables in the model, IFN-γ secretion was also 

significantly associated with total number of days with cold or flu symptoms 

(Table 3.4, model 2, β=-0.0153, 95% CI=(-0.021, -0.009), p<0.0001). The 

contributions of the predictor (cytokine secretion) and individual confounding 

variables in the regression models with cold or flu incidence and severity as 
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dependent variables are included as Supplemental Table 3.4. Individual 

variables contributed a small amount to the model (e.g. prediction of cold or 

flu incidence or total number of days with cold symptoms). However, cytokine 

secretion better predicted the incidence or severity of cold of flu when dietary 

factors were included in the models. 
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Figure 3.3. LPS-stimulated IL-6 secretion from PBMCs, anti-CD3 stimulated IFN-γ secretion from T cells, and self-reported 
cold or flu status in human subjects.  
IL-6 secretion from LPS-stimulated PBMCs was significantly higher in subjects with self-reported cold or flu symptoms compared to 
subjects without cold or flu symptoms [(A); Mann-Whitney test, p=0.0471]. IL-6 secretion was not correlated with number of days 
with cold or flu symptoms [(C); Spearman r=0.2335, p=0.2229]. IFN-γ secretion from anti-CD3 stimulated T cells in subjects with 
cold or flu symptoms was significantly lower compared to subjects without cold or flu symptoms [(B); unpaired t-test, p=0.0376]. T 
cell IFN-γ secretion was inversely associated with total number of days with self-reported cold or flu symptoms [(D); Spearman r=-
0.4989, p=0.0031]. Asterisk indicates a significant difference from no cold or flu group (p<0.05).  
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Table 3.4. Cytokine secretion as predictors of self-reported cold or flu incidence and severity1,2,3. 

1 Logistic regression model is fitted to determine the relationship between IL-6 or IFN-ɣ secretion and incidence of cold or flu in 
the past month. 
2 No cold or flu episode in the past month=0, presence of a cold or flu episode in the past month=1. Probability modeled is No 
cold or flu episode in the past month. 
3 Poisson regression model is fitted to determine the relationship between IL-6 or IFN-ɣ secretion and total number of days with 
cold or flu symptoms in the past month.

 
LPS induced IL-6 secretion from PBMCs  Anti-CD3 induced IFN-ɣ secretion from T cells 

β 
Odds ratio  
(95% CI) 

Variables  
in the model 

p 
value 

 β 
Odds ratio  
(95% CI) 

Variables  
in the model 

p value 

 
Incidence of cold or flu episode in the past month1,2 
 

  

Model 1 -0.1471 0.863 (0.749, 0.994) IL-6 secretion 0.0414  0.0141 1.014 (0.997, 1.032) IFN-ɣ secretion 0.1019 

Model 2 -0.2392 0.787 (0.632, 0.980) 

Model 1 + total 
calories, 
vitamin C, iron, 
zinc 

0.0325  0.0556 1.057 (0.986, 1.133) 

Model 1 + age, BMI, 
vitamin D, iron, zinc, 
n-3 PUFA, alcohol, 
caffeine 

0.1158 

 
β 95% CI 

Variables  
in the model 

p 
value 

 β 95% CI 
Variables  

in the model 
p value 

Total number of days with cold or flu symptoms in the past month3 

Model 1 0.0252 -0.042, 0.092 IL-6 secretion 0.4609  -0.0138 -0.022, -0.006  IFN-ɣ secretion 0.0005 

Model 2 0.0801 -0.018, 0.178 
Model 1 + total 
calories, iron, 
zinc 

0.1105  -0.0153 -0.021, -0.009 
Model 1 + vitamin C, 
zinc, alcohol, 
caffeine 

<0.0001 
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3.5. Discussion 

To our knowledge, this study provides the first documentation that 

expression of activation markers on freshly-isolated, unstimulated T cells is 

associated with effector function of activated T cells from healthy human 

subjects. Flow cytometric analysis of CD69 and CD25 expression on 

unstimulated T cells and T cell subsets was significantly correlated with anti-

CD3 stimulated T cell proliferative response and IL-2 secretion. However, 

neither CD69 nor CD25 expression was associated with IFN-γ secretion. 

These data suggest that CD69 and CD25 expression on unstimulated T cells 

may be a useful predictor of T cell effector function following stimulation. 

Furthermore, host factors (e.g. age, BMI, physical activity, total calories and 

select dietary factors) contribute significantly to the relationship between 

activation marker expression and T cell effector function. Our study is also the 

first to demonstrate that LPS-stimulated IL-6 secretion from PBMCs and anti-

CD3 induced IFN-γ secretion from T cells were significantly associated with 

self-reported incidence and severity of cold or flu in the past month, 

respectively. These findings demonstrate the incidence and severity of cold or 

flu symptoms captured via the URTI questionnaire were accompanied by 

relevant immunological changes. This relationship was also strengthened by 

the inclusion of host factors in the model. Collectively, these data suggest 

lifestyle and dietary factors are important variables that contribute to the 

immune response and should be included in human clinical trials assessing 

immune endpoints. 

Few clinical studies have examined T cell proliferation, IL-2 and IFN-γ 

secretion in response to anti-CD3 stimulation in young healthy adults. Results 
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from our study demonstrate that among this population, T cell effector 

function varied greatly, with some individuals demonstrating robust T cell 

effector responses, and others not. To determine if these individuals with high 

T cell proliferation also had high cytokine secretion, we examined the 

correlation between T cell proliferation and IL-2 and IFN-γ secretion. T cell 

proliferation was significantly correlated with IL-2 secretion but not IFN-γ 

secretion. These results are not surprising given the essentiality of IL-2 for T 

cell proliferation (157). Previous reports have demonstrated a positive 

association between IFN-γ secretion and T cell proliferation (158), however, in 

our population, this was not the case. This may be due to the fact that PBMCs 

rather than purified T cells were used in the IFN-γ secretion assay. Although T 

cells are the major sources of IFN-γ secretion, the secretion of IFN-γ by other 

immune cells (e.g. B cells, nature killer cells) may minimize the association 

between IFN-γ secretion and T cell proliferation (159). The limited sample 

size (n=36) in our study may also partly explain the inconsistency between 

our results and previous studies. 

In addition to the heterogeneity in T cell effector responses, we 

observed that activation marker expression on T cells also varied greatly 

among subjects. Stimulation of T cells by antigens or mitogens induces 

upregulation of CD69 within 4 hours, and CD25 between 24 to 48 hours 

following T cell activation, which in turn triggers downstream signaling 

pathways that initiates proliferation and differentiation of T cells (157, 160-

163). Several previous studies have reported that CD69 or CD25 expression 

on antigen or mitogen stimulated T cells is up-regulated in parallel with T cell 

proliferation (determined by [3H] thymidine incorporation) (164-166). However, 
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these results are not consistent across all studies (164-166). Results vary 

based on the different types of stimuli (antigen or mitogen) and the length of 

the assay (164-166). Simms, et al. reported that anti-CD3 or staphylococcal 

enterotoxin (SEB) induced T cell proliferation 72 hour post stimulation is 

correlated with the percentage of CD69+ T cells 24 hours following stimulation 

(164). Similar results are observed by Maino and colleagues, who found that 

the percentage of CD3+CD69+T cells 4 hours post activation was correlated 

with PBMC proliferation following stimulation with anti-CD2 receptor 

antibodies for 72 hours (165). However, there was no correlation between the 

percentage of CD69+ or CD25+ T cells and T cell proliferation induced by 

various other stimuli (PHA, SEB, tetanus toxoid or influenza A virus) for longer 

time periods (72, 120, 168 and 168 hours, respectively) (166). Thus, the 

nature of mitogenic or antigenic stimuli and the time course of activation 

influence the relationship between activation marker expression on T cells 

and proliferative response of T cells. These studies suggest that quantification 

of CD69 and CD25 expression on stimulated T cells may not be a consistent 

marker of T cell proliferative capacity because the variability in assay 

conditions confounds this relationship.  

To determine if the activation marker expression on freshly isolated, 

unstimulated T cells was predictive of T cell proliferation, we used linear 

regression analyses using the expression of CD69 or CD25 (MFI of CD69 on 

CD3+CD69+ or MFI of CD25 on CD3+CD25+) on unstimulated T cells as the 

independent variable (predictor) and anti-CD3 induced T cell proliferation as 

the dependent variable (outcome). The MFI of CD69 on unstimulated 

CD3+CD69+ T cell contributed significantly (29.2%) to the variability in T cell 
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proliferation (Table 3.3). To further explain the heterogeneity in T cell 

proliferation, we included other host variables in the model that have 

previously been reported to modulate T cell proliferation such as age, BMI, 

total calories and select dietary factors (131, 144, 145). The final model 

included both the MFI of CD69 on CD3+CD69+ T cells and BMI, and these two 

variables explained 45% of the variability in T cell proliferation. Our data 

demonstrate that CD69 MFI on unstimulated CD3+CD69+ T cells was 

predictive of T cell proliferation in response to anti-CD3 stimulation in young 

healthy adults. Numerous studies report a costimulatory role of CD69 in T cell 

proliferation (157, 160-163, 167). Crosslinking CD69 with antibodies 

enhances human T cell proliferation induced by phorbol myristate acetate 

(PMA), phytohaemagglutinin (PHA) or anti-CD3 antibody (160-163, 167). 

Thus, baseline differences in CD69 expression may contribute to differences 

in T cell proliferation via varying amounts of co-stimulation. Moreover, we 

found that the BMI of subjects contributed to the heterogeneity of T cell 

proliferation, and confounds the association between CD69 expression and T 

cell proliferation. Therefore, BMI should be quantified and controlled for in 

studies quantifying T cell proliferation.  

The MFI of CD25 on unstimulated CD3+CD25+ T cells also contributed 

significantly (16%) to the variability in T cell proliferation (Table 3.3). These 

results are consistent with previous studies which demonstrate a co-

stimulatory role of CD25 in T cell proliferation (157). However, in our study the 

MFI of CD25 on CD3+CD25+ T cells was no longer associated with T cell 

proliferation after incorporating physical activity and daily intake of selenium, 

vitamin D, and n-3 PUFA as confounding variables in our model (129, 143, 
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146-150). These data suggest that CD25 MFI may only be marginally 

predictive of T cell proliferation, but other lifestyle and dietary patterns may 

contribute significantly to T cell proliferative responses. Similar analyses using 

activation marker expression on unstimulated CD4+ and CD8+ T cell subsets 

as predictors find consistent results, which confirm our current observations 

(Supplemental table 3.1 and 3.2).  

Similar linear regression analyses were performed to explore the 

association between CD69 and CD25 expression on unstimulated T cells and 

anti-CD3 induced IL-2 secretion from T cells. The MFI of CD69 on 

unstimulated CD3+CD69+ T cells contributed significantly (29%) to the 

variability in IL-2 secretion (Table 3.3). To further explain the heterogeneity in 

IL-2 secretion from activated T cells, we included several confounding 

variables in the model that have previously been reported to modulate IL-2 

secretion (129, 141, 143, 144, 146, 147, 151-156). The final model included 

both the MFI of CD69 on CD3+CD69+ T cells and age, physical activity, and 

daily intake of total calories, vitamin D and iron. Combined these variables 

explained 64% of the variability in IL-2 secretion. Our observations are 

consistent with previous studies, which report that crosslinking CD69 with 

anti-CD69 antibodies enhance human IL-2 secretion following T cell activation 

induced by PMA, PHA or anti-CD3 antibody (160-163, 167). However, our 

findings are novel because we demonstrate that individual lifestyle and dietary 

variables contribute a small amount to IL-2 secretion. However, these 

variables significantly improved the predictive relationship between CD69 

expression and IL-2 secretion suggesting that host factors are important 

variables to quantify in clinical studies assessing T cell function. 
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Similarly, the MFI of CD25 on unstimulated CD3+CD25+ T cells 

contributed significantly (55%) to the variability in IL-2 secretion (Table 3.3). In 

our final model, we controlled for age, physical activity, and daily intake of 

total calories, vitamin D, and iron, and the MFI of CD25 on unstimulated 

CD3+CD25+ T cells and together these variables contributed significantly 

(74%) to the variability in IL-2 secretion. Our findings are not surprising given 

the autocrine loop formed between CD25 expression and IL-2 secretion 

during T cell activation (157). Similar analyses using activation marker 

expression on unstimulated CD4+ and CD8+ T cell subsets as predictors 

found consistent results, which confirmed our current observations 

(Supplemental table 3.1 and 3.2). Our data suggest that the MFI of CD25 on 

unstimulated CD3+CD25+ T cells could serve as predictor of IL-2 secretion 

from T cells in response to anti-CD3 stimulation in young healthy adults. In 

addition, we found that host factors including age, physical activity, and daily 

intake of total calories, vitamin D and iron of subjects contributed to the 

association between the MFI of CD25 on unstimulated CD3+CD25+ T cells 

and IL-2 secretion.  

Unlike IL-2 secretion, we did not observe an association between anti-

CD3 induced IFN-γ secretion from T cells and the MFI of CD69 on 

unstimulated CD3+CD69+ T cells either alone, or after controlling for host 

factors that have previously been reported to modulate T cell IFN-γ secretion 

(147-150, 155, 156). However, the MFI of CD25 on unstimulated CD3+CD25+ 

T cells contributed significantly (13%) to the variability in IFN-γ secretion 

(Table 3.3). Previous studies demonstrate that the interaction of IL-2 with 

CD25 (α chain of the IL-2 receptor) induces T cells to secrete IFN-γ (157, 
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158). These data support the association between MFI of CD25 alone and 

IFN-γ secretion. However, in our study the association between CD25 MFI on 

unstimulated CD3+CD25+ T cells and IFN-γ secretion was no longer 

significant after controlling for daily intake of selenium, vitamin C, vitamin D 

and n-3 PUFA suggesting that these dietary factors significantly influence 

IFN-γ response in human T cells (147-150, 155, 156). In fact, of the 

aforementioned dietary variables, vitamin D intake contributed to 12% of the 

variability in IFN-γ secretion, and daily intake of vitamin D was inversely 

associated with IFN-γ secretion. This finding is in agreement with previous 

studies, which report that vitamin D (25-hydroxyvitamin D) and 1,25 

dihydroxyvitamin D3, the active form of vitamin D, inhibit IFN-γ secretion from 

mitogen stimulated T cells in humans and mice (149). Results from our study 

suggest that activation marker expression (either CD69 or CD25) on freshly-

isolated, unstimulated T cells was not strongly predictive of IFN-γ secretion 

from activated T cells. Moreover, dietary and lifestyle factors (in particular 

vitamin D status) contributed significantly to the variability in IFN-γ secretion. 

Thus, the relationship between dietary and lifestyle factors and IFN-γ 

secretion needs to be examined in a larger study to confirm these findings 

and to determine the magnitude of the relationship. Similar analyses using 

activation marker expression on unstimulated CD4+ and CD8+ T cell subsets 

as predictors found consistent results (Supplemental table 3.1 and 3.2).  

To determine if the incidence and severity of cold or flu symptoms 

captured via the self-reported URTI questionnaire is accompanied by relevant 

immunological changes, we used two analytical strategies. First, we 

performed logistic regression analysis using IL-6 secretion from LPS 
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stimulated PBMCs as the independent variable (predictor) and incidence of 

cold or flu episodes as the dependent variable (outcome). Next, we ran 

Poisson regression analysis using IL-6 secretion from LPS stimulated PBMCs 

as the independent variable (predictor) and total number of days with cold or 

flu symptoms as the dependent variable (outcome). From these two 

approaches, we found that IL-6 secretion was higher in participants with self-

reported cold or flu episodes compared to participants without cold or flu 

episodes, and was significantly associated with cold or flu incidence in the 

past month (Figure 3.3 and Table 3.4). IL-6 secretion remained significantly 

associated with incidence of cold or flu after incorporating total calories, 

vitamin C, iron, and zinc in the model (Table 3.4). However, we did not 

observe an association between total number of days with cold or flu 

symptoms and IL-6 secretion alone and with the addition of confounding 

variables (daily intake of total calories, iron, and zinc). Our findings suggest 

that IL-6 secretion from LPS stimulated PBMCs was associated with the 

incidence of cold or flu episodes, but was not related to the severity of cold or 

flu symptoms captured via self-reported URTI questionnaire. In addition, we 

found that when dietary factors (total calories, vitamin C, iron, and zinc) were 

included in the model, the association between IL-6 secretion and the 

incidence of cold or flu symptoms in young healthy adults was strengthened.   

Previous studies report elevated levels of IL-6 during cold or flu 

infection as a result of ongoing inflammation (168-170). The release of IL-6 

during cold or flu is also critical in coordinating the innate and adaptive 

immune responses for efficient clearance of infection (170). The 

heterogeneity in IL-6 secretion from PBMCs in response to LPS stimulation 
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may be attributable to genetic and environmental factors (171, 172). Previous 

studies demonstrate an association between polymorphisms in the gene 

encoding IL-6 (G/C polymorphism was detected at position -174) and 

secreted level of IL-6 following stimulation. In particular, homozygosity of IL-6-

174C allele is associated with reduced transcription and secretion of IL-6 in 

human plasma (173) and with decreased frequency of the common cold 

(171). Therefore, the heterogeneity in LPS-stimulated IL-6 secretion from 

PBMCs observed in our study may be due to polymorphisms in the gene 

encoding IL-6, as well as environmental factors (e.g. BMI, dietary intake and 

physical activity) which contribute to the difference in IL-6 secretion between 

participants with and without self-reported cold or flu.   

Similar logistic and Poisson regression analyses were also performed 

to determine if the incidence and severity of cold or flu symptoms captured via 

the self-reported URTI questionnaire is accompanied by IFN-γ secretion from 

anti-CD3 stimulated T cells. The incidence of cold or flu was not associated 

with IFN-γ secretion alone or following inclusion of age, BMI, daily intake of 

vitamin D, iron, zinc, n-3 PUFA, and caffeine, and alcohol consumption in the 

model (Table 3.4). However, IFN-γ secretion from anti-CD3 stimulated T cells 

was significantly associated with total number of days with cold or flu 

symptoms alone and with the addition of daily intake of vitamin C, zinc, 

caffeine and alcohol consumption (Table 3.4). Our results suggest that the 

severity but not the incidence of cold or flu symptoms assessed via the self-

reported URTI questionnaire was accompanied by changes in IFN-γ secretion 

from anti-CD3 stimulated T cells in healthy young adults. We also observed 

that the association between IFN-γ secretion and severity of cold or flu 
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symptoms was confounded by daily intake of vitamin C, zinc, caffeine and 

alcohol consumption, suggesting that these dietary components impact this 

relationship.  

IFN-γ production has been reported to play an important role in the 

immune response against numerous viral infections (172, 174). Thus, 

individuals who have lower IFN-γ production may be more susceptible to 

infection with influenza virus or rhinoviruses causing the common cold. The 

heterogeneity in IFN-γ secretion following T cell activation that we observed 

may also be attributable to genetic and environmental factors (171, 172). For 

example, a single nucleotide polymorphism (SNP) in IFN-γ gene has been 

studied extensively and is presented as polymorphism +874 A/T. Results from 

a meta-analysis demonstrate that the variant allele +874 A is correlated with 

lower levels of IFN-γ production and increased risk of Mycobacterium 

tuberculosis infection (175). It is plausible that individuals carrying the +874A 

allele may be susceptible to other infections, including influenza infection. 

Thus, IFN-γ gene polymorphisms may contribute to the differences in IFN-γ 

secretion between individuals with and without cold or flu episodes and the 

association between IFN-γ secretion and incidence and severity of cold or flu 

symptoms in our study. However, Becker et al, reported no association 

between common cold frequency and CD2-induced IFN-γ secretion from T 

cells in adults 45-65 years old (174). Previous studies demonstrate an age-

related reduction in the in synthesis and secretion of IFN-γ from PBMCs (151, 

152). Thus, age may also impact the relationship between cold and flu 

incidence and IFN-γ secretion.  
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In summary, we demonstrated that expression of CD69 and CD25 

expression on freshly isolated, unstimulated T cells was significantly 

associated with anti-CD3 stimulated T cell proliferation and IL-2 secretion. We 

also found that IL-6 secretion from LPS stimulated PBMCs was associated 

with self-reported incidence of cold or flu episodes, and IFN-γ secretion from 

T cells was associated with self-reported severity of cold or flu symptoms in 

the past month. Our data suggest that the incidence and severity of cold or flu 

symptoms captured via the URTI questionnaire was accompanied by relevant 

immunological changes. In addition, we demonstrated that host-related 

factors, including age, BMI, physical activity, total calorie intake, and various 

dietary components contributed to heterogeneity in T cell function and 

incidence and severity of cold or flu infection. These factors also confounded 

the association between activation marker expression on T cells and T cell 

effector function, and the association between innate and adaptive immune 

response and incidence and severity of cold or flu symptoms. Therefore, 

quantification of dietary factors in human clinical trials measuring immune 

function may be crucial to understanding the variability in immune responses 

among subjects, and to determine the true relationship between an 

intervention of interest and immune outcomes. 
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Supplement table 3.1. CD69 and CD25 expression on unstimulated CD4+ T cell as predictors of T cell effector function1. 

 
1 T cell proliferation was evaluated by quantifying tritiated thymidine incorporation following stimulation with anti-CD3 
antibodies, and results are reported as a stimulation index. Stimulation index was calculated by dividing the cpm of the anti-
CD3 induced T cell proliferation by unstimulated T cells.

 
CD69 MFI on CD3+CD4+CD69+ T cells  CD25 MFI on CD3+CD4+CD25+ T cells 

β R2 (%) Variables in the model p value  β R2 (%) Variables in the model p value 

Anti-CD3 induced T cell proliferation1   

Model 1 0.00584 27.02 
CD69 MFI on 
CD3+CD4+CD69+ T cells 

0.0014  0.00899 16.67 
CD25 MFI on 
CD3+CD4+CD25+ T cells 

0.0149 

Model 2 0.00681 45.44 Model 1 + BMI <0.0001  0.00587 35.89 
Model 1 + PA, selenium, 
n-3 PUFA 

0.1065 

Anti-CD3 induced IL-2 secretion from T cells 
   

Model 1 0.02571 29.51 
CD69 MFI on 
CD3+CD4+CD69+ T cells 

0.0009  0.05469 34.94 
CD25 MFI on 
CD3+CD4+CD25+ T cells 

0.0002 

Model 2 0.02011 54.36 
Model 1 + age, total 
calories, vitamin D, zinc, 
iron 

0.0051  0.04065 69.68 
Model 1 + age, PA, total 
calories, vitamin D, zinc, 
iron 

0.0013 

Anti-CD3 induced IFN-ɣ secretion from T cells  
  

Model 1 1.43915 11.36 
CD69 MFI on 
CD3+CD4+CD69+ T cells 

0.0512  2.68772 10.36 
CD25 MFI on 
CD3+CD4+CD25+ T cells 

0.0634 

Model 2 1.22687 30.84 
Model 1 + BMI, vitamin 
C, D, selenium, n-3 
PUFA 

0.1385  2.37393 38.13 
Model 1 + vitamin D, E, 
selenium, zinc, iron, n-3 
PUFA 

0.1273 
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Supplement table 3.2. CD69 and CD25 expression on unstimulated CD8+ T cell as predictors of T cell effector function1. 

 
1 T cell proliferation was evaluated by quantifying tritiated thymidine incorporation following stimulation with anti-CD3 
antibodies, and results are reported as a stimulation index. Stimulation index was calculated by dividing the cpm of the anti-
CD3 induced T cell proliferation by unstimulated T cells. 

 
CD69 MFI on CD3+CD8+CD69+ T cells  CD25 MFI on CD3+CD8+CD25+ T cells 

β R2 (%) Variables in the model p value  β R2 (%) Variables in the model p value 

Anti-CD3 induced T cell proliferation1   

Model 1 0.00604 38.23 
CD69 MFI on 
CD3+CD8+CD69+ T cells 

<0.0001  0.00145 13.72 
CD25 MFI on 
CD3+CD8+CD25+ T cells 

0.0285 

Model 2 0.00764 61.85 Model 1 + BMI, vitamin C <0.0001  0.00086 33.57 
Model 1 + PA, selenium, 
n-3 PUFA  

0.2023 

Anti-CD3 induced IL-2 secretion from T cells 
   

Model 1 0.02307 31.56 
CD69 MFI on 
CD3+CD8+CD69+ T cells 

0.0005  0.01196 52.64 
CD25 MFI on 
CD3+CD8+CD25+ T cells 

<0.0001 

Model 2 0.02235 37.72 Model 1+age 0.0006  0.00866 66.63 
Model 1 + age, PA, total 
calories, vitamin D, iron 

0.0008 

Anti-CD3 induced IFN-ɣ secretion from T cells  
  

Model 1 0.67363 03.31 
CD69 MFI on 
CD3+CD8+CD69+ T cells 

0.3034  0.51000 11.76 
CD25 MFI on 
CD3+CD8+CD25+ T cells 

0.0471 

Model 2 0.10972 41.83 

Model 1 + age, BMI, PA, 
total calories, vitamin C, 
E, selenium, zinc, iron, n-
3 PUFA, caffeine, 
alcohol 

0.9145  0.51000 11.76 Model 1  0.0471 
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Supplemental Table 3.3. Individual R2 (%) of predictor (activation marker expression) and confounding variables in the 
linear regression models with T cell proliferation, IL-2 secretion and IFN-γ secretion as outcome variables. 
 

  
  

T cell proliferation   IL-2 secretion IFN-γ secretion 

CD69 MFI on 
CD3+CD69+ T 

cells 

CD25 MFI on 
CD3+CD25+ T 

cells   

CD69 MFI on 
CD3+CD69+ T 

cells 

CD25 MFI on 
CD3+CD25+ T 

cells   

CD69 MFI on 
CD3+CD69+ T 

cells 

CD25 MFI on 
CD3+CD25+ T 

cells 

Total R2  44.96 36.29  64.19 74.00  30.94 31.97 
Predictor 29.17 15.53  34.72 55.73  1.71 12.91 
Age    8.40 4.47  3.68  
BMI 15.79      2.49  
PA  4.41  3.26 5.30  0.84  
Total 
Calories 

   7.09 2.62  1.98  

Vitamin C       0.73 2.33 
Vitamin D  0.70  5.84 3.48  12.13 10.02 
Vitamin E         
Selenium  10.30     1.53 2.92 
Zinc       1.07  
Iron    4.88 2.40    
n-3 PUFA  5.35      3.79 
Alcohol       4.78  
Caffeine         
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Supplemental Table 3.4. Individual contribution of predictor (cytokine secretion) and confounding variables in the 
regression models with cold/flu incidence and severity as outcome variables. 
 

Dependent variable Cold or flu incidence (Odds ratio (95% CI))   Cold or flu severity (95% CI) 

 IL-6 secretion IFN-γ secretion   IL-6 secretion IFN-γ secretion 

Predictor 0.787 (0.632, 0.980) 1.057 (0.986, 1.133)  (-0.018,0.178) (-0.021, -0.009) 

Age  1.232 (0.946, 1.604)    

BMI  0.708 (0.364, 1.378)    

PA      

Total calories 1.001 (0.999, 1.003)   (-0.001, 0.000)  

Vitamin C 0.997 (0.979, 1.015)    (0.004, 0.016) 

Vitamin D  1.008 (0.997, 1.020)    

Vitamin E      

Selenium      

Zinc 1.629 (0.862, 3.080) 1.617 (0.805, 3.249)  (-0.455, -0.022) (-0.317, -0.101) 

Iron 0.840 (0.621, 1.138) 0.796 (0.561, 1.129)  (-0.024, 0.185)  

n-3 PUFA  0.083 (0.002, 3.353)    

Alcohol  0.918 (0.776, 1.085)   (-0.013, 0.173) 

Caffeine   1.026 (0.996, 1.058)     (-0.021, -0.001) 
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CHAPTER 4 

Consumption of Bifidobacterium animalis subsp. 

lactis BB-12 in yogurt reduced expression of TLR-2 on 

peripheral blood-derived monocytes and pro-

inflammatory cytokine secretion in young adults 

 

 

 

 

 

 
 
 
 
 

 
_______________________ 
* The results presented in this chapter were submitted to the Journal of 

Nutrition. 
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4.1. Abstract 

Previous studies have demonstrated that probiotic bacteria modulate 

immune parameters and inflammatory outcomes; however, observed results 

vary by genus, species and strain of organism studied. Many studies have 

evaluated combinations of probiotic bacteria making it difficult to determine 

the immunomodulatory properties of each organism. There is also evidence 

that the matrix used to deliver probiotic bacteria may influence the 

performance and efficacy of probiotic interventions in vivo. Therefore, the 

primary goal of the current study was to evaluate the effect of one species, 

Bifidobacterium animalis subsp. lactis BB-12 at a dose of log 10 ± 0.5 

CFUs/day on immune responses in a randomized, partially blinded, 4-period 

crossover, free-living study. A secondary goal was to determine if the immune 

response to BB-12 differed depending on the delivery matrix of the probiotic 

bacteria. Healthy adults (n=30) aged 18-40 years old were recruited, and 

received 4 treatments in a random order: A) yogurt smoothies alone; 

smoothies with BB-12 added B) before or C) after yogurt fermentation, or D) 

BB-12 given in capsule form. At baseline and after each 4-week treatment, 

peripheral blood mononuclear cells (PBMCs) were isolated, and functional 

and phenotypic marker expression was assessed. BB-12 interacted with 

peripheral myeloid cells via Toll-like receptor 2 (TLR-2). The percentage of 

CD14+HLA-DR+ cells in peripheral blood was increased by all yogurt-

containing treatments compared to baseline (p=0.0356). Participants who 

consumed yogurt smoothies with BB-12 added post fermentation had 

significantly lower expression of TLR-2 on CD14+HLA-DR+ cells (p=0.0186) 

and reduction in TNF-α secretion from BB-12 (p=0.0490) or LPS (p=0.0387) 
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stimulated PBMCs compared to baseline. These findings not only 

demonstrate anti-inflammatory properties of BB-12 in healthy adults, but also 

indicate that the delivery matrix influences the immunomodulatory properties 

of the probiotic. 

 

The ClinicalTrials.gov identifier: NCT01399996. 
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4.2. Introduction 

There is growing interest in the use of probiotics in the maintenance of 

both immunological and gastrointestinal health. Numerous studies have 

examined the influence of probiotic bacteria, either alone or combined, on 

immune parameters and inflammatory outcomes. Probiotic bacteria in the 

genera, Lactobacillus and Bifidobacterium are widely studied (8), and overall 

the results are mixed. It appears that large strain and species differences 

exist.  In addition variability due to dose and duration of supplementation, 

characteristics of the study population, and delivery matrix of probiotic have 

been reported (8). Thus, well-designed clinical trials using a single strain of 

probiotic on immune and inflammatory outcomes are needed. 

Bifidobacterium animalis subsp. lactis BB-12 is a widely used probiotic 

species of Bifidobacterium (9). It is popular among food manufacturers due to 

its ability to remain viable until consumption (9). Moreover, BB-12 is resistant 

to degradation by gastric acid and bile, and adheres to human intestinal 

epithelial cells and mucin. These features may allow BB-12 to survive during 

passage through the gastrointestinal (GI) tract and exert its probiotic effect (9-

13). Several studies have investigated the effect of BB-12 consumption in 

combination with other lactic acid producing bacteria on human systemic 

innate immunity, in an effort to link probiotic use to a reduction in 

inflammation-mediated diseases (14-16). The effect of probiotics on innate 

immunity appears strain specific, and thus the results of these studies vary 

based on which probiotic bacteria was given in conjunction with BB-12 (14-

16).  
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Studies employing BB-12 alone as the probiotic intervention also 

yielded mixed results. One in vitro study using monocyte-derived dendritic 

cells (MoDCs) demonstrated that co-culture of BB-12 with MoDCs induced 

increased IL-12 secretion, low IL-10/IL-12 ratio, and shifted the TNF-α/IL-10 

balance, suggesting that BB-12 promotes the induction of strong Th1 

response (17). In humans, BB-12 has been used to treat inflammatory 

diseases of the intestine (e.g., inflammatory bowel disease, irritable bowel 

syndrome) with some success (18, 19). The mechanisms underlying the 

beneficial effect of BB-12 in these inflammatory diseases is unknown. 

However, oral consumption of a similar probiotic strain, Bifidobacterium 

animalis subsp. lactis NCC2818 has been shown to reduce colonic 

inflammation in a murine colitis model via a reduction in the pro-inflammatory 

markers, cyclooxygenase-2 (COX-2), TNF-α, and IL-6 (29, 116). Therefore, 

the beneficial effect of BB-12 in inflammatory bowel disease (IBD) patients 

may be mediated via its role in the modulation of innate immunity, in particular 

in inflammatory responses. However, in another clinical trial, healthy adults 

who received BB-12 daily for 3 weeks had no change in serum systemic 

inflammation markers (hs-CRP and TNF-α) or in vitro TNF-α production from 

Streptococcus pyogenes or LPS stimulated PBMCs (20). Therefore, 

additional studies are needed to clarify the role of BB-12 alone on 

inflammatory responses in humans. 

Probiotics are often considered to act independently of the matrix used 

to deliver them to the human host (21). Dairy products, especially yogurt, are 

commonly used to deliver BB-12 (22); however, BB-12 can also be consumed 

in capsule form (23). While this expands the options for BB-12 consumption, it 
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is unclear if probiotics delivered in capsule form are as effective in modulating 

immunity as when delivered in a dairy food (23). Furthermore, BB-12 can be 

added into yogurt products either prior to or following the yogurt fermentation 

process, and this varies among manufacturers. Little is known about the 

timing of the addition of BB-12 to dairy products on the efficacy and 

functionality of BB-12, even though these differences in manufacturing 

processes may influence the health benefits of the probiotic organism. 

Thus, the primary goal of this study was to evaluate the effect of BB-12 

consumption on innate immunity and anti-inflammatory responses in healthy 

adults. A secondary goal of this study was to determine if the delivery matrix 

(yogurt smoothie vs capsule), and timing of the addition of probiotic organism 

to the yogurt smoothie (pre- or post-fermentation) impacted the immunological 

responses to BB-12 in humans.   

4.3. Materials and methods 

4.3.1. Participants 

Healthy subjects (n=30, 19 women and 11 men) 18-40 years of age 

were recruited for the study. Exclusion criteria included: BMI greater than 

40kg/m2, smoking and/or use of other tobacco products, blood pressure ≥ 

140/90 mm Hg, use of blood pressure or cholesterol lowering medications, 

history of myocardial infarction, stroke, diabetes mellitus, liver disease, kidney 

disease and thyroid disease (unless controlled by medication and blood 

results within the previous six months were provided), lactation, pregnancy or 

desire to become pregnant during the study, clinical diagnosis of IBD (e.g. 

Crohn's Disease or ulcerative colitis), excessive alcohol consumption (>14 

drinks per week), vegetarianism, lactose intolerance, chronic use of anti-
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inflammatory medications (unless able to discontinue), antibiotic use, 

swallowing disorders or dysphasia to food or pills, and refusal to give blood or 

plasma during the study. A complete blood count and standard biochemistry 

panel was obtained at screening to rule out the presence of illness 

(autoimmune disease, cancer, and immunodeficiency). Blood pressure was 

measured according to Joint National Committee 7 guidelines (137).  

4.3.2. Recruitment and screening 

Recruitment strategy used in the study is shown in Figure 4.1. 

Participants were recruited through advertisements in the local newspaper 

and university e-mail lists; 203 individuals called or emailed to indicate 

interest in participating in the study. They were given information about the 

study, and if interested, were contacted and screened using a series of 

medical and lifestyle questions by telephone. Of those who were contacted 

and screened through telephone interview, 136 qualified participants were 

scheduled for a clinic visit at the Penn State Clinical Research Center (CRC). 

After written informed consent was provided, participants had their height, 

weight, waist circumference and blood pressure measured, followed by a 

fasting blood draw for a complete blood count and health profile (liver and 

kidney function, and glucose metabolism). BMI was calculated according to 

body weight and height measured. From the participants who were screened, 

36 were eligible to participant in the study. To ensure that there was no effect 

of treatment order on outcomes, eligible participants (n=36) were randomized 

to treatment sequences. The randomization scheme was generated by using 

the website Randomization.com, http://www.randomization.com. However, 

two participants withdrew at the baseline visit due to a schedule conflict; four 

http://www.randomization.com/
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withdrew due to personal reasons. Thirty participants received treatment 

interventions; however, not all subjects finished all interventions. Two 

participants were excluded prior to the third and fourth treatment periods, 

respectively due to pregnancy; one participant withdrew from the study prior 

to the fourth treatment period due to diagnosis of irritable bowel syndrome; 

one participant withdrew from the study prior to the second treatment period 

due to a schedule conflict; one participant withdrew from the study prior to the 

second treatment period due to discomfort after treatment; and two 

participants withdrew from the study prior to the first and second treatment 

periods, respectively due to other personal reasons. All the experiments in 

this study were performed with approval of the Institutional Review Board of 

the Pennsylvania State University-University Park campus (University Park, 

PA).  
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Figure 4.1. Recruitment strategy used in the study.  

Assessed for eligibility (n=136) 

Excluded (n=100) 

 Did not meet inclusion criteria (n= 61) 

 No longer interested  (n=19) 

 Schedule conflict (n=5) 

 Other reasons (n=15) 

Analysed (n=30) 
Excluded from analysis (n=0) 

Lost to follow-up (n=0) 
Discontinued intervention after allocation (n=7) 

 Pregnancy (n=2) 

 Diagnosed of Irritable Bowel Syndrome (n=1) 

 Schedule conflict (n=1) 

 Discomfort after treatment (n=1) 

 Other personal reasons (n=2) 

Randomly allocated to receive interventions, including YS, PRE, 
POST, or CAP (n=36) 

 Received allocated intervention (n=30) 

 Did not receive allocated intervention (n=6) 

o Schedule conflict (n=2) 

o Other person reasons (n=4) 

Allocation 

Analysis 

Follow-Up 

Randomized (n=36) 

Enrollment 

Crossover 

Crossed over to receive other interventions, including YS, PRE, 
POST, or CAP (n=30) 

 Received allocated intervention (n= 30 ) 

 Did not receive allocated intervention (n=0) 



84 

 

  

4.3.3. Design and intervention 

The study was a randomized, partially blinded, 4-period crossover free-

living study. Prior to the first treatment, participants completed an 

anthropometric assessment (age, gender, BMI, waist circumference), 

biochemical measurements (fasting serum glucose, insulin, and hs-CRP), a 

physical activity questionnaire (self-reported IPAQ), and an immune endpoint 

assessment for use as baseline values. Participants then began the 

intervention phase, and received 4 treatments according to their randomized 

sequence. These treatments included: (A) yogurt smoothies (YS); (B) yogurt 

smoothies with BB-12 (Chr. Hansen, Milwaukee, WI) added pre-fermentation 

(PRE); (C) yogurt smoothies with BB-12 added post-fermentation (POST); 

and (D) one capsule containing BB-12 (CAP). Each treatment period lasted 4 

weeks, with a two-week washout period scheduled between treatment 

periods.  

During the yogurt smoothie treatment phases, participants consumed 

one 8-oz (240 g) serving of yogurt per day. Each smoothie delivered log 10 ± 

0.5 CFUs/day. The yogurt smoothie were developed at Pennsylvania State 

University, and manufactured based on methods described in a previous 

study (176). Briefly, yogurt mix (milk and dry ingredients) were inoculated with 

the yogurt starter culture YF-L702 (Chr. Hansen), containing active cultures of 

Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. 

Inoculated yogurt mix was divided into two portions: one portion was further 

inoculated with BB-12 (PRE); another portion (non-BB-12) was incubated 

directly. Both portions were allowed to ferment to a pH of 4.6, and a slurry of 

strawberry, pectin, corn syrup solids, sugar and water was added and 
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blended into each portion until uniform. The non-BB-12 containing portion of 

smoothie was divided into two groups. One group was inoculated with BB-12 

(POST) while the other remained a BB-12 free product (YS). The smoothie 

yogurt was then homogenized to produce a drinkable yogurt. The three 

products were identical in macronutrient composition and differed only by the 

presence of BB-12 and the timing of BB-12 addition. Viable counts of B. lactis 

were determined by pour-plating on MRS (de Man, Rogosa, and Sharpe)-

NNLP (nalidixic acid, neomycin sulfate, lithium chloride, and paromomycin 

sulfate) agar (177) with growth under anaerobic conditions at 37°C for 72 

hours.  

During the treatment phase involving capsule consumption, 

participants ingested one capsule per day, which delivered log 10 ± 0.5 

CFUs/day. During each 4-week treatment phase, participants were required 

to avoid consuming any other food or pharmaceutical product containing 

probiotic bacteria such as commercial yogurt, smoothies, and probiotic 

bacteria capsules. Participants were asked not to change their habitual diets 

during the course of the study and to maintain their body weight.  

4.3.4. Sample size estimation 

The primary immune endpoints used to estimate sample size for the 

study in Chapter 4 were cytokine secretion (TNF-α and IL-6) from our pilot 

study and published clinical trials assessing cytokine secretion from LPS-

stimulated PBMCs in healthy adults who consumed BB-12 or other B. lactis 

subspecies (20, 61). These endpoints were chosen because previous reports 

demonstrate modest changes in the magnitude of the cytokine response upon 

stimulation with various B. lactis and high variance. Using the sample size 
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calculation for crossover study, it was determined that the estimated sample 

size required to identify a mean difference of 30% in TNF-α and IL-6 secretion 

from LPS-stimulated PBMCs with α = 0.05 and β = 80% was 19 and 22, 

respectively. We estimated a high dropout rate (40%) due to the length of the 

study, and the final sample size was 36. However, 6 participants dropped out 

of the study before intervention phase, and 30 participants completed at least 

one allocated interventions. Based on the aforementioned calculations, a 

sample size of 30 was adequate to observe a treatment effect. 

4.3.5. Diet assessment 

Dietary intake of the participants was obtained via 24-hour dietary 

recalls for 3 days, including one weekend day. Briefly, participants were 

asked to recall their intake of food and beverages during breakfast, lunch, 

dinner, and snacks in the three days according to detailed instructions 

provided by trained staff. Portion size of each food item was also provided. 

Daily intake of total calories, macronutrients, vitamins, minerals, caffeine, and 

alcohol was analyzed based on the recorded food intake of participants using 

Food Processor SQL software (ESHA Research, Salem, OR). 

4.3.6. Physical activity assessment 

Physical activity level of participants was evaluated using the 

International Physical Activity Questionnaires (IPAQ) questionnaire as 

previously reported (138). Briefly, the participants recorded the activity they 

performed during each of the 96 periods of 15 min over a 24-h period for 3 

days, including one weekend day. The activities were categorized from 1 to 9 

depending on their intensity as previously described (138). Total daily 

intensity of physical activity was calculated by averaging the approximate 
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metabolic equivalent of tasks (METs) of activities performed of the categories 

3 to 9 over a 24 hour period (96 periods of 15 min). 

4.3.7. Blood sample collection and immunological assays 

Blood (50 ml) was collected in sterile EDTA (K2)-coated blood tubes 

(BD Biosciences, San Jose, CA) by trained staff at the CRC on the University 

Park campus. 

Serum markers  

Insulin was measured by radioimmunoassay (Quest Diagnostics, 

Pittsburgh, PA). Glucose was determined by an immobilized enzyme 

biosensor using the YSI 2300 STAT Plus Glucose and Lactate Analyzer 

(Yellow Springs Instruments, Yellow Springs, OH). Serum high-sensitivity C-

reactive protein (hs-CRP) was measured by latex-enhanced 

immunonephelometry (Quest Diagnostics; assay CV < 8%). 

Isolation of immune cells  

Human blood was diluted 1:2 with phosphate buffer saline (PBS) 

(Mediatech, Manassas, VA), gently layered on top of lymphocyte separation 

media (LSM) (Corning, Manassas, VA), and centrifuged at 1600 rpm with low 

speed and no brake for 30 mins at room temperature. Peripheral blood 

mononuclear cells (PBMCs) were collected at the plasma/LSM interface; 

washed twice with complete media RPMI 1640 (Mediatech) containing 10 mM 

HEPES (Mediatech), 10% heat-inactivated fetal bovine serum (Gemini, West 

Sacramento, CA), 2 mM L-glutamine (Mediatech), 0.1 mM nonessential 

amino acids (Mediatech), 1 mM sodium pyruvate (Mediatech), 100U/ml 

Penicillin/Streptomycin (Mediatech), and 55 μM 2-mercaptoethanol (Life 
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Technologies, Grand Island, NY) at room temperature; and counted for use in 

functional and phenotypic analyses.  

Cytokine secretion assays 

PBMCs (2 X 106/ml) were stimulated with 10 μg/ml heat-inactivated 

BB-12 (Chr. Hansen) or 10 μg/ml lipopolysaccharides (LPS) (Sigma-Aldrich, 

St. Louis, MO) in flat-bottomed 96-well plates, and supernatants from BB-12 

or LPS plates were harvested and frozen after 4 h incubation. TNF-α and IL-6 

secretion from BB-12 or LPS stimulated PBMCs were measured using the 

Human ELISA MAX™ Deluxe (Biolegend, San Diego, CA) as per 

manufacturer instructions. Each assay was performed in triplicate. 

TLR-2 and TLR-4 blocking experiment 

The TLR-2 and TLR-4 blocking experiments were conducted at 

baseline to determine which TLR(s) recognize and interact with surface 

ligands of BB-12. 8 participants were randomly selected for this experiment. 

PBMCs (2 X 106/ml) were co-cultured with 10 μg/ml anti-TLR-2 blocking 

antibody (Biolegend), 10 μg/ml anti-TLR-4 blocking antibody (Biolegend), or 

10 μg/ml isotype antibody (mouse anti-human IgG2a) in flat-bottomed 96-well 

plates, respectively. Control PBMCs were not treated with antibody. Following 

1 h incubation, cells were stimulated with 10 μg/ml heat-inactivated BB-12 

(Chr. Hansen) for another 4 h. Supernatants from plates were harvested and 

frozen after 4 h incubation, and TNF-α and IL-6 secretion from BB-12 

stimulated PBMCs were measured using the Human ELISA MAX™ Deluxe 

(Biolegend) as per manufacturer instructions. Each assay was performed in 

triplicate. 

Flow cytometric analyses 
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PBMCs were washed twice in PBS at 4°C. Fc receptors on PBMCs 

were blocked by incubation with 1 μg purified mouse anti-human CD16 

(Biolegend) per 1×106 cells for 15 min at 4°C. PBMCs were stained with 

fluorescence-labeled antibodies (1μg/1×106 cells) to the following cell surface 

markers: CD123, CD11c, CD14, HLA-DR, CD281 (TLR-1), CD282 (TLR-2), 

CD284 (TLR-4), TLR-5, CD286 (TLR-6). Antibody isotype controls included: 

mouse IgG2a and mouse IgM. CD281 was purchased from R&D systems 

(Minneapolis, MN), CD282 and CD284 were purchased from Biolegend, TLR-

5 and CD286 were purchased from Thermo Scientific (Waltham, MA) and 

other antibodies were purchased from BD Biosciences. Following incubation 

with the conjugated antibodies for 30 min at 4° C, cells were washed twice in 

PBS and then fixed in cytofix (BD Biosciences) for flow cytometric analyses. 

Lymphoid and myeloid cells were gated on forward vs. side scatter and a total 

of 25,000 events were analyzed on a FC500 Benchtop Cytometer (Beckman 

Coulter, Pasadena, CA). Flow cytometric analyses were plotted and analyzed 

using Flowjo 7.6 (Tree Star, Ashland, OR).  

4.3.8. Statistical analyses 

Statistical analyses were performed using SAS (Statistical Analysis 

System, Version 9.4, Cary, NC). Differences in the percentage of CD14+HLA-

DR+ cells expressing TLR-1, -2, -4, -5, -6 in PBMCs and the mean 

fluorescence intensity (MFI) of TLR-1, -2, -4, -5, -6s on CD14+HLA-DR+ cells 

were determined using the Friedman test. In the TLR blocking experiment, 

differences in TNF-α or IL-6 secretion from BB-12 stimulated PBMCs from 

subjects on each treatment were determined using the Friedman test, 

followed by a Dunnett test for multiple comparisons where appropriate.   
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All immune endpoints in this study were tested for a carryover effect 

using an exponential decay model (details of model explained in 

Supplemental Data). No carryover effect of treatments on any immune 

endpoint was observed. 

 The mixed models procedure (PROC MIXED) was used to test the 

effects of treatment on immune outcomes following each treatment period. 

Outcomes were modeled as repeated measures with unstructured covariance 

structure. Age, gender, BMI, PA, dietary factors and their interactions with 

treatment (e.g. age*treatment, gender*treatment, etc.) were included as 

covariates. Dietary factors (e.g. dietary intake of total calories, vitamin C, E, 

iron, zinc, and n-3 PUFA) were selected based on their individual 

contributions to the variation in phenotypic marker expression and function of 

innate immune cells at baseline (178). The covariates in models varied by 

different immune outcomes, and were selected based on manual backward 

selection procedure. Briefly, models were fitted with immune outcomes as 

dependent variables, and treatment effect and all covariates as independent 

variables. Covariates were removed from the model one by one based on the 

significance (assessed by p value of the corresponding covariate in models) 

of their contribution to the models. Covariates included in the final models 

contributed significantly to the model. If the interaction was significant but the 

main effect was not, both the main effect and interaction were included in the 

model. Participant was designated as a random effect and the treatment 

effect and covariates were fixed effects. For all outcomes, model selection 

was based on optimizing fit statistics (evaluated as lowest Bayesian 

information criterion) and α was set at 0.05 for all tests. Bonferroni correction 
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was used for post hoc analyses. Means are reported as least squares means 

± 95% CI. Statistical significance was accepted at the p ≤ 0.05 level. Graphs 

were plotted using GraphPad Prism 5 (La Jolla, CA). 

4.4. Results  

4.4.1. Participant characteristics.  

Anthropometric measurements, blood pressure, biochemical 

characteristics, and physical activity of participants are presented in Table 

4.1. All 30 participants (19 females and 11 males) completed the study. The 

participants were healthy, young adults (mean age of 28.0±1.2 years). The 

average BMI was 24.2±0.5kg/m2; 20 (66.7%) participants were normal weight, 

9 (30.0%) were overweight, and 1 (3.3%) was obese. Their blood pressure 

was normal and waist circumference, fasting blood glucose, insulin, and CRP 

levels were within the normal range (Table 4.1). Physical activity was 

assessed from self-reported IPAQ responses. The median daily physical 

activity intensity (based on self-reported responses) was estimated to be 3.0 

METs (range 2.4-5.2 METs). The average daily total calorie intake of 

participants calculated from 3-day dietary recall records was estimated to be 

2350±145 kcal. The daily intake of macronutrients, vitamins, minerals and n-3 

PUFA, caffeine and alcohol are reported in Table 4.1.  
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Table 4.1. Demographic characteristics of participants at baseline 1. 

Characteristics Values (n=30) 

Age (yr) 28.0±1.2 

Male, n (%) 11 (36.7%) 

Body mass index (kg/m2) 24.2±0.5 

≤24.9 20 (66.7%) 

25.0 -29.9 9 (30.0%) 

≥30 1 (3.3%) 

Waist Circumference (cm) 85.1±1.4 

Blood pressure (mm Hg)  

Systolic 106.9±1.9 

Diastolic 73.2±1.2 

Glucose (mg/dL) 87.0±1.3 

Insulin (mg/dL) 5.2±0.8 

hs-CRP (mg/L) 1.9±0.6 

Physical activity (METs)2 3.0 (2.4-5.2) 

Dietary intake2 of   

Total calories (kcal/d) 2350±145 

Carbohydrate (g/d) 291.1±19.5 

Protein (g/d) 91.7±6.8 

Fat (g/d) 92.1±6.7 

Vitamin C (mg/d) 62.3±11.0 

Vitamin D (IU/d) 112.6±34.4 

Vitamin E (mg/d) 2.8±0.6 

Iron (mg/d) 14.9±1.4 

Selenium (µg/d) 37.4±4.7 

Zinc (mg/d) 6.2±0.6 

n-3 PUFA (g/d) 0.5±0.1 

Caffeine (mg/d) 62.3±15.6 

Alcohol consumption (g/d) 2.1±1.0 
 

1 Values are presented as mean ± SEM or n (%) or median (range).  
2 Physical activity and dietary intake were assessed from self-reported 
responses to IPAQ and 3-day dietary recall records, respectively.
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4.4.2. BB-12 interacts with peripheral myeloid cells via TLR-2.  

The percentage of CD14+HLA-DR+ cells expressing TLR-1, -2, -4, -5, -

6 (Fig. 4.2A), and the MFI of TLR-1, -2, -4, -5, -6 on PBMC-derived 

monocytes (Fig. 4.2B) was quantified to determine the expression pattern of 

common surface TLRs on human CD14+HLA-DR+ cells. Overall, the 

percentage of CD14+HLA-DR+ cells expressing different TLRs and the MFI of 

TLRs on CD14+HLA-DR+ cells significantly differed (Fig. 4.2A; χ2=23.92, 

p<0.0001 and Fig. 4.2B; χ2=26.30, p<0.0001), with both the percentage of 

CD14+HLA-DR+ PBMC-derived monocytes expressing TLR-2 (Fig. 4.2A), and 

the MFI of TLR-2 on CD14+HLA-DR+ cells (Fig. 4.2B) being highest. Several 

subjects also had a high number of CD14+HLA-DR+ cells expressing TLR-4 

(Fig. 4.2A), and the MFI of TLR-4 was elevated in one subject (Fig. 4.2B).  

Fresh PBMCs were treated with either anti-TLR-2 blocking antibody, 

anti-TLR-4 blocking antibody, or the appropriate isotype control antibody (all 

antibodies added at 10 µg/mL), and stimulated with heat-inactivated BB-12 

(10 µg/mL). TNF-α (Fig. 4.2C) and IL-6 (Fig. 4.2D) secretion from PBMCs was 

assessed to determine via which TLR on human myeloid cells BB-12 may be 

signaling. PBMCs treated with anti-TLR-2 blocking antibody had significantly 

reduced TNF-α (Fig. 4.2C; χ2=23.13, p<0.0001) and IL-6 (Fig. 4.2D; χ2=17.67, 

p=0.0005) secretion in response to BB-12 stimulation as compared to PBMCs 

treated with isotype control antibody or without treatment. In contrast, blocking 

TLR-4 signaling did not reduce BB-12-induced TNF-α or IL-6 secretion from 

PBMCs (Fig. 4.2C and 4.2D, respectively). 
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Figure 4.2. TLR expression pattern and functional characteristics.  
Percentage of CD14+HLA-DR+ cells expressing TLR-1, -2, -4, -5, -6 in PBMCs (A); and the MFI of TLRs on CD14+HLA-DR+ 
cells (B) was assessed by flow cytometry.  Overall, the percentage of CD14+HLA-DR+ cells expressing different TLRs 
significantly differed [(A); χ2=23.92, p<0.0001]; and the MFI of TLRs on CD14+HLA-DR+ cells also differed [(B); χ2=26.30, 
p<0.0001]. PBMCs were treated with anti-TLR-2, anti-TLR-4, or isotype control antibodies (10 μg/mL) for 1 h, and stimulated 
with heat-inactivated BB-12 for 4 h. TNF-α (C) and IL-6 (D) secretion from stimulated PBMCs was measured by ELISA. Data 
are presented as mean ± SEM. Both TNF-α [(C); χ2=23.13, p<0.0001] and IL-6 [(D); χ2=17.67, p=0.0005] secretion were 
significantly lower from PBMCs treated with anti-TLR-2 antibody compared to cells treated with isotype control antibodies or 
no antibody treatment. Post hoc analyses were conducted using Dunnett’s test. Asterisk indicates a significant difference 
from no treatment group (p<0.05). Pound sign indicates a significant difference from isotype control group (p<0.05). 
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4.4.3. Consumption of yogurt smoothies with BB-12 added post-

fermentation altered the distribution and expression of TLR-2 of 

CD14+HLA-DR+ cells. 

The percentage of CD123+CD11c+HLA-DR+ dendritic cells and 

CD14+HLA-DR+ monocytes among total PBMCs and the expression and MFI 

of TLR-2 on CD14+HLA-DR+ monocytes was quantified by flow cytometry. 

Overall, the percentage of CD123+CD11c+HLA-DR+ cells in peripheral blood 

differed between baseline and treatments, but when individual comparison 

were made, no individual treatment was significantly different from baseline 

(Fig.4.3A; F(4,91)=2.92, p=0.0254). The percentage of CD14+HLA-DR+ cells in 

peripheral blood increased in participants following consumption of yogurt 

smoothies alone and with BB-12 added both pre- and post-fermentation 

compared to baseline (Fig. 4.3B; F(4,97)=2.69, p=0.0356). However, the 

increase in the percentage of CD14+HLA-DR+ cells in peripheral blood 

following consumption of all yogurt-containing treatments occurred only in 

male participants (Supplemental Fig.4.1). The percentage of CD14+HLA-DR+ 

cells expressing TLR-2 was significantly lower in participants following all four 

treatments compared to baseline, and was lowest in participants following the 

consumption of the yogurt smoothies with BB-12 added post-fermentation 

among all treatment groups (Fig. 4.3C; F(4,76)=3.16, p=0.0187). Similarly, the 

MFI of TLR-2 on CD14+HLA-DR+ cells was significantly lower in subjects 

following consumption of the yogurt smoothies with BB-12 added post-

fermentation compared to baseline (Fig. 4.3D; F(4,74)=3.17, p=0.0186).  
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Figure 4.3. Distribution of myeloid cells in peripheral blood, and TLR-2 expression on CD14+HLA-DR+ cells in participants 
following each treatment.  
The percentage of CD123+CD11c+HLA-DR+ in peripheral blood was different between baseline and treatments, but post hoc 
analysis using Bonferonni’s correction observed no difference following any treatment compared to baseline [(A); F(4,91)=2.92, 
p=0.0254; covariates in model: gender, PA, treatment*gender, treatment*PA]. The percentage of CD14+HLA-DR+ cells in peripheral 
blood was higher in all yogurt-containing treatments compared to baseline [(B); F(4,97)=2.69, p=0.0356; covariates in model: gender, 
treatment*gender]. The percentage of CD14+HLA-DR+ cells expressing TLR-2 was lower following all treatments, and was lowest in 
participants following the consumption of the yogurt smoothie with BB-12 added post-fermentation among all treatment groups [(C); 
F(4,76)=3.16, p=0.0187; covariates in model: PA, treatment*PA]. The MFI of TLR-2 on CD14+HLA-DR+ cells was also significantly 
lower in participants who consumed yogurt smoothie with BB-12 added post-fermentation compared to baseline [(D); F(4,74)=3.17, 
p=0.0186; covariates in model: gender, PA, vitamin C, and treatment*vitamin C]. Data are presented as least squares means ± 
95% CI. Post hoc analyses were conducted using Bonferroni correction for multiple comparisons. Asterisk indicates a significant 
difference from baseline (*p<0.05, **p<0.01, ***p<0.001).  
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4.4.4. Consumption of BB-12 delivered in a yogurt smoothie 

significantly reduced TNF-α secretion from BB-12 or LPS stimulated 

PBMCs. 

TNF-α (Fig. 4.4A) and IL-6 (Fig. 4.4B) secretion from PBMCs 

stimulated with heat-inactivated BB-12 (10 µg/mL) were measured at baseline 

and following each treatment. PBMCs from participants who received yogurt 

smoothies with BB-12 added post-fermentation had significantly lower TNF-α 

(Fig. 4.4A; F(4,92)=2.48, p=0.0490) but not IL-6 (Fig. 4.4B; F(4,95)=0.44, p=0.78) 

secretion compared to baseline in response to in vitro BB-12 challenge. 

To determine if BB-12 consumption could also alter TNF-α and IL-6 

secretion following a robust inflammatory stimulus, PBMCs were stimulated 

with LPS (10 µg/mL). Participants who consumed yogurt smoothies with BB-

12 added post fermentation had significantly lower TNF-α secretion from LPS-

stimulated PBMCs compared to baseline (Fig. 4.4C; F(4,88)=2.64, p=0.0387). 

Participants did not alter LPS-induced IL-6 secretion following any treatment 

(Fig. 4.4D; F(4,100)=0.93, p=0.45).  
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Figure 4.4. TNF-α and IL-6 secretion from PBMCs stimulated with heat-inactivated BB-12 or LPS following each treatment. 
Participants who consumed yogurt smoothie with BB-12 added post-fermentation had significantly lower TNF-α secretion from 
PBMCs stimulated with heat-inactivated BB-12 compared to baseline [(A); F(4,92)=2.48, p=0.0490; covariates in model: zinc and 
treatment*zinc]. TNF-α secretion from PBMCs stimulated with LPS was also significantly lower in participants who consumed 
yogurt smoothie with BB-12 added post-fermentation compared to baseline [(C); F(4,88)=2.64, p=0.0387; covariates in model: 
gender, total calories, treatment*gender, treatment*total calories]. There was no difference in IL-6 secretion from myeloid cells 
stimulated with BB-12 [(B); F(4,95)=0.44, p=0.78; covariates in model: gender, PA, and zinc] or LPS [(D); F(4,100)=0.93, p=0.45; 
covariates in model: gender] in participants following treatments compared to baseline. Data are presented as least squares means 
± 95% CI. Post hoc analyses were conducted using Bonferroni correction for multiple comparisons. Asterisk indicates a significant 
difference from baseline (*p<0.05, ***P<0.001).  
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4.5. Discussion 

To our knowledge, the current study provides the first documentation 

that consumption of Bifidobacterium animalis subsp. lactis (BB-12) delivered 

in a yogurt smoothie significantly reduced TNF-α secretion from PBMCs 

stimulated with heat-inactivated BB-12 or LPS in young healthy adults. These 

data suggest an anti-inflammatory effect of BB-12 consumption when 

administered in yogurt in healthy adults. Our study is also the first to report 

that BB-12 interacted with peripheral blood-derived myeloid cells via TLR-2. 

The reduction in cytokine secretion observed in PBMCs collected from 

participants following consumption of BB-12 delivered in a yogurt smoothie 

may be mediated via decreased TLR-2 expression on peripheral blood-

derived monocytes. These findings demonstrate that daily consumption of 

BB-12 in a yogurt smoothie could impact immune responses in peripheral 

blood and specifically, that BB-12 consumption could reduce pro-inflammatory 

cytokine production by PBMCs. Lastly, results from this study demonstrate 

that the delivery matrix of BB-12 (e.g. yogurt vs. capsule) influenced the effect 

of BB-12 on the immune response, as BB-12 delivered in a yogurt smoothie 

significantly reduced inflammatory cytokine production from BB-12 or LPS 

stimulated PBMCs whereas BB-12 consumed as a capsule did not.  

Similar to pathogenic bacteria, the recognition and interaction of 

probiotic bacteria with myeloid cells and intestinal epithelial cells (IECs) are 

mediated via TLRs. It is currently unknown which TLR(s) on human myeloid 

cells recognize and interact with BB-12. In the current study, we 

demonstrated that TLR-2 was the most abundant TLR on CD14+HLA-DR+ 

cells. Furthermore, our in vitro TLR-blocking experiments demonstrated that 
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BB-12-induced TNF-α and IL-6 secretion was mediated via the interaction of 

BB-12 with TLR-2 but not TLR-4. A previous study in rats demonstrated that 

IL-6 gene expression is undetectable in IECs from TLR2-/- germ-free rats fed 

with BB-12 compared to wild type controls, indicating that the cross-talk 

between BB-12 and rodent IECs is mediated via TLR-2 (179). Our results in 

human PBMCs demonstrate that BB-12 interacted with TLR-2, thus 

suggesting that BB-12 binds to TLR-2 in both rats and humans. 

To gain an understanding of the role of probiotic consumption on the 

distribution and activation status of peripheral blood-derived myeloid cells, we 

quantified the percent of CD123+CD11c+HLA-DR+ and CD14+HLA-DR+ cells 

in PBMCs following each treatment period. We found no significant treatment 

effect on the distribution of CD123+CD11c+HLA-DR+ DCs. However, the 

percentage of CD14+HLA-DR+ cells was increased in participants following 

consumption of all yogurt-containing treatments (smoothies alone and 

smoothies with BB-12 added both pre- and post-fermentation) compared with 

baseline, suggesting that yogurt or a component of yogurt may increase the 

frequency of peripheral blood-derived monocytes. Interestingly, the increase 

in the percentage of CD14+HLA-DR+ cells following consumption of all yogurt-

containing treatments occurred only in male participants, indicating a gender 

difference in responsiveness of CD14+HLA-DR+ cells to yogurt or yogurt 

components. In addition, we quantified the percentage of CD14+HLA-DR+ 

cells that expressed TLR-2 and the MFI of TLR-2 on CD14+HLA-DR+ cells 

following each treatment. Despite the increase in the percentage of 

CD14+HLA-DR+ cells in peripheral blood in men following consumption of all 

the yogurt-containing treatments, we found a significant reduction in the 
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percentage of CD14+HLA-DR+ cells that expressed TLR-2 following all 

treatments among all participants. Furthermore, the greatest reduction in the 

percentage of TLR-2 expressing CD14+HLA-DR+ cells occurred following 

consumption of the yogurt smoothies with BB-12 added post-fermentation. A 

significant reduction in the surface expression of TLR-2 on CD14+HLA-DR+ 

cells was also observed in all participants following consumption of the yogurt 

smoothie with BB-12 added post-fermentation.   

To determine if the reduction in the percent of TLR-2 expressing 

CD14+HLA-DR+ cells and the expression of TLR-2 on these cells following 

consumption of BB-12 added post-fermentation to the yogurt smoothies had 

any physiological consequences, we assessed TNF- and IL-6 secretion from 

BB-12 stimulated PBMCs collected at the end of each treatment. We found 

that consumption of BB-12 added post-fermentation to a yogurt smoothie 

significantly reduced BB-12 induced in vitro TNF-α secretion from PBMCs. 

Next we determined if the consumption of BB-12 reduced pro-inflammatory 

cytokine secretion in response to a known, robust, inflammatory stimulus, 

LPS. We observed that consumption of the yogurt smoothies with BB-12 

added post-fermentation significantly reduced in vitro TNF-α secretion from 

PBMCs in response to LPS stimulation compared to baseline, demonstrating 

the anti-inflammatory effect of BB-12 delivered in a yogurt smoothie. We did 

not observe a similar effect on BB-12 or LPS induced TNF-α secretion 

following consumption of BB-12 in capsule form, suggesting that the matrix in 

which BB-12 was administered influenced the effect of BB-12 on the immune 

response.  
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Yogurt is rich in various nutrients, including peptides, free amino acids, 

free fatty acids, folic acid, and calcium, which can support the growth, survival 

and activity of BB-12 until consumption (180). Following consumption, the 

acidic environment and buffering system provided by yogurt may confer a 

survival advantage to BB-12 while traveling through the human GI tract. The 

nutrient composition and buffering capacity of yogurt may also directly 

influence the efficacy of BB-12 by modifying the probiotic effect of BB-12 in 

the intestine (22, 125, 126). However, these effects may be dependent on the 

timing of the probiotic bacteria to the yogurt cultures, as we did not observe 

any effect of yogurt smoothies on innate immunity when BB-12 was added 

pre-fermentation. The yogurt fermentation process may reduce the efficacy 

and probiotic activity of BB-12 or may be altering the metabolites produced by 

BB-12, which may influence the immune response. Furthermore, our results 

suggest that the probiotic effect of BB-12 may be influenced by the timing of 

its addition during the yogurt manufacturing process and warrants further 

study.   

TLR-2 signaling has been shown to induce the production of pro-

inflammatory cytokines from macrophages (181). Our data suggest that 

decreased TLR-2 expression on peripheral blood derived monocytes may 

lessen the interaction between BB-12 and these cells, and contribute to the 

reduction in pro-inflammatory cytokines production in response to BB-12. 

Previous studies report that lactic acid producing probiotics (e.g. Lactobacillus 

casei) can inhibit the nuclear factor-κB (NF-κB) pathway via stabilizing the I-

κB α subunit in human IECs (182-184). The NF-κB pathway is downstream of 

TLR-2 activation, and is crucial in initiating gene expression and production of 
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pro-inflammatory cytokines in human macrophages (181). Thus, additional 

studies are needed to investigate if the BB-12 induced down-regulation of 

TLR-2 expression on CD14+HLA-DR+ cells can lead to subsequent blockage 

of NF-κB activity and reduction in pro-inflammatory cytokines. 

Additionally, the probiotic-induced reduction in TNF-α secretion from 

LPS-stimulated myeloid cells observed in our study may also be mediated via 

a probiotic-induced inhibition of NF-κB activity. Pre-culture of RAW264.7 

macrophages with Bifidobacterium adolescentis decreases mRNA levels of 

TNF-α in response to LPS stimulation (185). The reduction in TNF-α mRNA is 

accompanied by a reduced phosphorylation of I-κB α subunit of NF-kB and 

increased gene expression of suppressor of cytokine signaling (SOCS) 

proteins 1 and 3, which are negative regulators of NF-κB (185). Similarly, 

Riedel and colleagues reported anti-inflammatory effects of 8 Bifidobacterium 

species (including Bifidobacterium lactis NCC362) on HT-29 cells by inhibition 

of NF-κB activation and subsequent down-regulation of TNF-α gene 

expression in response to LPS stimulation (186). Overall, the inhibition of NF-

κB activity may explain the anti-inflammatory effect of BB-12 delivered in 

yogurt smoothie in our participants. Future studies are needed to investigate 

the effect of BB-12 on LPS-stimulated NF-κB pathways in human myeloid 

cells. 

In addition to alteration in innate immunity, other in vitro studies also 

shed light on the anti-inflammatory effect of BB-12. In the intestinal lumen, 

BB-12 has been shown to interact with IECs and inhibit pathogenic 

microorganisms by various mechanisms. BB-12 can produce various 

metabolites, including organic acid (acetate and lactate) and hydrogen 
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peroxide, which can directly inhibit the growth of pathogenic microorganisms 

(9, 187). Pathogenic bacteria or their surface ligands (such as LPS) can enter 

intestinal epithelium by passing between IECs, disseminate throughout the 

blood stream from the gut, and induce systemic inflammation (188). 

Commane et al. demonstrated that BB-12 increases trans-epithelial electric 

resistance of Caco-2 cells, indicating the ability of BB-12 to enhance the 

strength of tight junction proteins between IECs (189). Improvement in tight 

junction strength between IECs prevents the pathogens or LPS from entering 

intestinal epithelium and spread in the blood stream, and reduces the 

incidence in systemic inflammation. BB-12 has also been shown to adhere to 

human intestinal mucin and IECs better than common pathogenic bacteria, 

including Clostridium difficile, Listeria monocytogenes, and thus may compete 

for adhesion sites with pathogenic bacteria and may prevent the adhesion 

and interactions of these pathogenic bacteria to IECs (190). Moreover, BB-12 

has been shown to influence the composition of gut microbiota, which may 

interact with intestinal epithelial cells and/or immune cells and potentially 

result in the attenuation or prevention of gut and/or systemic inflammation. A 

clinical study reported that preterm infants fed with formula supplemented with 

4.9 x 109 cfu of BB-12 per day for 21 days modifies their gut microbiota by 

increasing the number of Bifidobacteria and decreasing the number of harmful 

bacteria, including Enterobacteriaceae and Clostridia (191). Similarly, Ahmed 

et al found that consumption of as low as 6.5 x 107 cfu/day of Bifidobacterium. 

lactis NH019 for 4 weeks in older adults increases the cell count of 

Bifidobacteria, Lactobacilli, and Enterococci, and deceases the count of 

Enterobacteriaceae in feces (192). Similar changes in gut microbiota were 
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also observed in adult and aged rats fed with BB-12 in conjunction with 

Lactobacillus delbrueckii subsp. rhamnosus GG and the prebiotic inulin for 21 

days (193). Combined, the anti-inflammatory effect of BB-12 delivered in 

yogurt smoothie may be linked the ability of BB-12 to alter microbial balance 

by increasing the ratio of beneficial to pathogenic microorganisms. 

In summary, we demonstrated that consumption of BB-12 delivered in 

a yogurt smoothie significantly reduced pro-inflammatory cytokine (TNF-α) 

secretion from peripheral myeloid cells stimulated with heat-inactivated BB-12 

or LPS in young healthy adults, suggesting an anti-inflammatory effect of BB-

12. We also found that BB-12 interacted with peripheral myeloid cells via 

TLR-2, and the reduction in TNF-α secretion in participants who consumed 

yogurt smoothies containing BB-12 was related to the decreased TLR-2 

expression on peripheral blood derived monocytes. These findings are not 

only the first to demonstrate anti-inflammatory properties of BB-12, but also 

indicate that the matrix of BB-12, and the timing of its addition to yogurt in 

relation to the fermentation process influenced the immunological effects of 

BB-12. Future studies will focus on understanding the mechanisms underlying 

the anti-inflammatory effect of BB-12 and determine if the current findings are 

applicable in clinical conditions of chronic inflammation.  
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Supplemental Statistical Analyses 

An exponential decay model was constructed to determine if there was 

a carryover effect of BB-12 among different treatments. We assumed the 

probiotic treatment effect decayed exponentially in vivo after participants 

stopped receiving a given treatment. Following each treatment period, the 

total probiotic effect was calculated by adding the effect of treatment 

administered during the current treatment period (αcurrent), to the residual effect 

of the treatment administered during the previous treatment period (αprevious). 

The probiotic effect at the end of the first treatment period was only the effect 

of the treatment administered during period one. A dummy variable “decay 

proportion” (c) was created and defined as the percentage of residual effect of 

the treatment administered during the previous treatment period. The 

proportion of previous treatment that had already decayed during washout 

and current treatment period was 1-c. The equation describing the 

exponential decay model was y=β0+β1*x1+β2*x2+β3*x3+β4*x4+ 

αcurrent+c*αprevious+ε. In the model, y was the immune endpoint of our study; x1-

x4 were covariates, including age, gender, BMI, and PA of participants; β0 was 

the intercept of the regression line; β1 to β4 were slope of regression line for 

covariates x1-x4, respectively. The model was fitted with c equal to 0, 10%, 

20%, and up to 90%, and R2 was recorded with each choice of c. The percent 

change in R2 when c = 10%, 20% up to 90% relative to the R2 when c = 0 was 

calculated. If the percentage change between the two was less than 10%, we 

surmised that R2 when c = 10%, 20% up to 90% was not different from R2 

when c = 0, indicating that the model when c=0 was the closest to the true 

model. When c=0, 100% of the previous treatment effect has decayed, and 
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we concluded that there were no carryover effect from the previous treatment. 

All immune endpoints in this study were tested for a carryover effect using the 

exponential decay model, and no carryover effect of treatments on any 

immune endpoint was observed. 
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Supplemental Figure 4.1. Distribution of CD14+HLA-DR+ cells in 
peripheral blood in male and female participants following each 
treatment.  
The treatment effect on the percentage of CD14+HLA-DR+ cells differed by 
gender (F(4,97)=2.69, ptreatment*gender=0.0366). The increase in the percentage of 
CD14+HLA-DR+ cells following consumption of all yogurt-containing 
treatments occurred only in male participants. Data are presented as least 
squares means ± 95% CI. Post hoc analyses were conducted using 
Bonferroni correction for multiple comparisons. Asterisk indicates a significant 
difference from male participants at baseline (*p<0.05, ***p<0.001). Pond 
indicates a significant difference from female participants at the same 
treatment period (#p<0.05, ####p<0.001). 

 
 



109 

 

  

 

 

 

 

 

 

CHAPTER 5 

 

Consumption of Bifidobacterium animalis subsp. 

lactis BB-12 impacts upper respiratory tract infection 

and the function of T cells and NK cells in young 

adults 

 

 

 

 

 

 
 
 
 
 

_______________________ 
* The results presented in this chapter are currently in preparation for 

submission to the Journal of Nutrition. 
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5.1. Abstract 

Evidence suggests that consumption of Bifidobacterium animalis 

subsp. Lactis BB-12, alone or combined with other probiotics, can modulate 

immunity and reduce upper respiratory tract infection (URTI) in humans. 

However, no study has investigated the effect of consumption of BB-12 on T 

cell and NK cell function concurrently with the self-reported URTI 

questionnaire data to determine if BB-12 induces alterations in immune 

response that may underlie its impact URTI-related outcomes. There is also 

evidence that delivery matrix of BB-12 may influence its probiotic effect in 

vivo. The primary goal of the current study was to evaluate the effect of BB-12 

at a dose of log 10 ± 0.5 CFUs/day on NK and T cell function in conjunction 

with self-reported cold or flu incidence and severity in a randomized, partially 

blinded, 4-period crossover, free-living study. A sub-aim was to determine if 

the immune response to BB-12 differed depending on the delivery matrix. 

Healthy adults (n=30) aged 18-40 years old were recruited, and received 4 

treatments for 4 weeks in a random order: A) yogurt smoothies alone; 

smoothies with BB-12 added B) before or C) after yogurt fermentation, or D) 

BB-12 capsule. At baseline and after each treatment, peripheral blood 

mononuclear cells (PBMCs) were isolated, and functional and phenotypic 

marker expression was assessed. Incidence and severity of cold or flu 

infection in the past month was assessed using established self-reported 

URTI questionnaire. Participants who consumed yogurt smoothies alone, 

yogurt smoothies with BB-12 added pre-fermentation or BB-12 in capsule 

form had elevated IL-2 secretion and NK cell cytotoxicity, concurrently with 

fewer number of days with URTI. However, consumption of yogurt smoothies 
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with BB-12 added post-fermentation did not change T cell and NK cell 

function; and did not alter severity of URTI. These findings demonstrate that 

timing of BB-12 addition to yogurt smoothies in relation to the fermentation 

process influenced the impact of BB-12 on the activity of T cells and NK cells 

and cold or flu severity in young healthy adults.  
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5.2. Introduction 

The consumption of probiotics is associated with numerous health 

benefits, including modulating immune function, and attenuating the risk 

and/or severity of infections. Lactobacillus and Bifidobacterium are lactic acid 

producing probiotic strains that have been commonly used and extensively 

studied for their impact on immune parameters and infectious outcomes (8). 

Large strain and species differences exist in the capacity of probiotic bacteria 

to impact the immune response and infection-related health outcomes (8). 

Moreover, variability due to dose of probiotics, duration of supplementation, 

characteristics of the study population, and delivery matrix of probiotics have 

been reported (8). Thus, well-designed clinical trials using a single strain of 

probiotic bacteria on immune and infectious disease outcomes are needed.  

Bifidobacterium animalis subsp. lactis BB-12 is a widely used probiotic 

species of Bifidobacterium, and is favored over many other probiotic strains 

among food manufacturers due to numerous production advantages and 

reported health benefits (9-13). BB-12, used alone or in combination with 

other probiotic bacteria or ingredients, has been shown to reduce upper 

respiratory tract infections (URTI) in children and adults (117-120). Oral 

consumption of powder containing BB-12 and Lactobacillus Rhamnosus GG 

(LGG) for 12 weeks significantly shortens the self-reported URTI duration by 

two days and reduces the URTI severity score by 34% in healthy college 

students (117). Another clinical trial observed that infants fed BB-12 and LGG 

supplemented formula for 12 months have a lower incidence of acute 

infections and fewer recurrent respiratory infections in the first year of life in 

comparison to infants receiving placebo (118). Additionally, consumption of 
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yogurt supplemented with BB-12 and the prebiotic, inulin, for 16 weeks 

significantly reduces the number of days with URTI symptoms in healthy 

toddlers (119). Similarly, infants that received BB-12 using a slow-release 

tablet in a pacifier from 2 to 8 months of age have fewer respiratory infections 

compared to infants receiving placebo (120). Overall, these data 

demonstrated that BB-12 supplementation may reduce susceptibility to URTI. 

However, the mechanisms underlying the beneficial effect of BB-12 on URTI 

risk and severity is unknown.  

The immune response of the host is an important component of the 

pathogenesis of URTI (121). The cellular immune responses to viruses that 

induce URTI are mediated by T cells and NK cells, which limit the severity of 

infection by exerting cytotoxic activity or inducing apoptosis to viral-infected 

cells (122-124). Several studies have investigated the effect of BB-12 

consumption in combination with other lactic acid producing bacteria on 

adaptive immune responses in humans, in an effort to link probiotic use to 

immune changes that may underlie the relationship between probiotic 

consumption and URTI risk and/or severity (14, 16). Due to strain and species 

differences in the immunomodulatory capacity of probiotics, the results of 

these studies vary based on which probiotic bacteria were given in 

conjunction with BB-12 (14, 16). However, studies employing BB-12 alone as 

the probiotic intervention also yield mixed results, suggesting that dose, 

duration or mode of delivery may impact immune responses to BB-12 

consumption (15, 20). No study to date has investigated the effect of 

consumption of BB-12 alone on T cell and NK cell function concurrently with 

self-reported URTI questionnaire data to determine if BB-12 induced 



114 

 

  

alteration in immune responses are associated with its impact on URTI. 

Therefore, additional studies are needed to clarify the role of BB-12 on NK 

and T cell function and URTI-related outcomes in humans. 

BB-12 is primarily consumed in dairy product, especially yogurt; 

however, it can also be consumed in capsule form as a dietary supplement 

(22, 23). While the use of multiple delivery matrices expands the options for 

BB-12 consumption, it is unknown if the delivery matrix influences the 

immunomodulatory effect of BB-12. Furthermore, BB-12 can be added into 

yogurt either prior to or following the yogurt fermentation process, which 

varies among manufacturers. Little is known about the timing of the addition 

of BB-12 to yogurt on the efficacy and functionality of BB-12, and if this alters 

immune responses and URTI risk and severity. 

Thus, the primary goal of this study was to evaluate the effect of BB-12 

consumption on NK and T cell distribution and function concurrently with self-

reported cold or flu incidence and severity in healthy adults. A secondary goal 

of this study was to determine if the delivery matrix (yogurt smoothies vs 

capsule), and timing of the addition of BB-12 to the yogurt smoothies (pre- or 

post-fermentation) impacted the immunological responses and infection-

related outcomes to BB-12 in healthy adults.     

5.3. Materials and methods 

5.3.1. Participants 

Healthy subjects (n=30, 19 women and 11 men) 18-40 years of age 

were recruited for the study. Exclusion criteria included: BMI greater than 

40kg/m2, smoking and/or use of other tobacco products, blood pressure ≥ 

140/90 mm Hg, use of blood pressure or cholesterol lowering medications, 
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history of myocardial infarction, stroke, diabetes mellitus, liver disease, kidney 

disease and thyroid disease (unless controlled by medication and blood 

results within the previous six months were provided), lactation, pregnancy or 

desire to become pregnant during the study, clinical diagnosis of IBD (e.g. 

Crohn's Disease or ulcerative colitis), excessive alcohol consumption (>14 

drinks per week), vegetarianism, lactose intolerance, chronic use of anti-

inflammatory medications (unless able to discontinue), antibiotic use, 

swallowing disorders or dysphasia to food or pills, and refusal to give blood or 

plasma during the study. A complete blood count and standard biochemistry 

panel was obtained at screening to rule out the presence of illness 

(autoimmune disease, cancer, and immunodeficiency). Blood pressure was 

measured according to Joint National Committee 7 guidelines (137).   

5.3.2. Recruitment and screening 

Recruitment strategy used in the study is shown in Figure 5.1. 

Participants were recruited through advertisements in the local newspaper 

and university e-mail lists; 203 individuals called or emailed to indicate 

interest in participating in the study. They were given information about the 

study, and if interested, were contacted and screened using a series of 

medical and lifestyle questions by telephone. Of those who were contacted 

and screened through telephone interview, 136 qualified participants were 

scheduled for a clinic visit at the Penn State Clinical Research Center (CRC). 

After written informed consent was provided, participants had their height, 

weight, waist circumference and blood pressure measured, followed by a 

fasting blood draw for a complete blood count and health profile (liver and 

kidney function, and glucose metabolism). BMI was calculated according to 
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body weight and height measured. From the participants who were screened, 

36 were eligible to participant in the study. To ensure that there was no effect 

of treatment order on outcomes, eligible participants (n=36) were randomized 

to treatment sequences. The randomization scheme was generated by using 

the website Randomization.com, http://www.randomization.com. However, 

two participants withdrew at the baseline visit due to a schedule conflict; four 

withdrew due to personal reasons. Thirty participants received treatment 

interventions; however, not all subjects finished all interventions. Two 

participants were excluded prior to the third and fourth treatment periods, 

respectively due to pregnancy; one participant withdrew from the study prior 

to the fourth treatment period due to diagnosis of irritable bowel syndrome; 

one participant withdrew from the study prior to the second treatment period 

due to a schedule conflict; one participant withdrew from the study prior to the 

second treatment period due to discomfort after treatment; and two 

participants withdrew from the study prior to the first and second treatment 

periods, respectively due to other personal reasons. All the experiments in 

this study were performed with approval of the Institutional Review Board of 

the Pennsylvania State University-University Park campus (University Park, 

PA).  

http://www.randomization.com/
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Figure 5.1. Recruitment strategy used in the study.  

Assessed for eligibility (n=136) 

Excluded (n=100) 

 Did not meet inclusion criteria (n= 61) 

 No longer interested  (n=19) 

 Schedule conflict (n=5) 

 Other reasons (n=15) 

Analysed (n=30) 
Excluded from analysis (n=0) 

Lost to follow-up (n=0) 
Discontinued intervention after allocation (n=7) 

 Pregnancy (n=2) 

 Diagnosed of Irritable Bowel Syndrome (n=1) 

 Schedule conflict (n=1) 

 Discomfort after treatment (n=1) 

 Other personal reasons (n=2) 

Randomly allocated to receive interventions, including YS, PRE, 
POST, or CAP (n=36) 

 Received allocated intervention (n=30) 

 Did not receive allocated intervention (n=6) 

o Schedule conflict (n=2) 

o Other person reasons (n=4) 

Allocation 

Analysis 

Follow-Up 

Randomized (n=36) 

Enrollment 

Crossover 

Crossed over to receive other interventions, including YS, PRE, 
POST, or CAP (n=30) 

 Received allocated intervention (n=30 ) 

 Did not receive allocated intervention (n=0) 
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5.3.3. Design and intervention 

The study was a randomized, partially-blinded, 4-period crossover free-

living study. Prior to the first treatment, participants completed an 

anthropometric assessment (age, gender, BMI, waist circumference), 

biochemical measurements (fasting serum glucose, insulin, and hs-CRP), a 3-

day dietary recall record, a physical activity questionnaire (self-reported 

IPAQ), an URTI questionnaire and an immune endpoint assessment for use 

as baseline values. Participants then began the intervention phase, and 

received 4 treatments according to their randomized sequence. These 

treatments included: (A) yogurt smoothies (YS, without added BB-12); (B) 

yogurt smoothies with BB-12 (Chr. Hansen, Milwaukee, WI) added pre-

fermentation (PRE); (C) yogurt smoothies with BB-12 added post-

fermentation (POST); and (D) one capsule containing BB-12 (CAP). Each 

treatment period lasted 4 weeks, with a two-week washout period scheduled 

between treatment periods.  

During the yogurt smoothies treatment phases, participants consumed 

one 8-oz (240 g) serving of yogurt per day. Each smoothie delivered log 10 ± 

0.5 CFUs/day. The yogurt smoothies were developed at Pennsylvania State 

University, and manufactured based on methods described in a previous 

study (176). Briefly, yogurt mix (milk and dry ingredients) were inoculated with 

the yogurt starter culture YF-L702 (Chr. Hansen), containing active cultures of 

Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. 

Inoculated yogurt mix was divided into two portions: one portion was further 

inoculated with BB-12 (PRE); another portion (non-BB-12) was incubated 

directly. Both portions were allowed to ferment to a pH of 4.6, and a slurry of 
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strawberry, pectin, corn syrup solids, sugar and water was added and 

blended into each portion until uniform. The non-BB-12 containing portion of 

smoothie was divided into two groups. One group was inoculated with BB-12 

(POST) while the other remained a BB-12 free product (YS). The smoothie 

yogurt was then homogenized to produce a drinkable yogurt. The three 

products were identical in macronutrient composition and differed only by the 

presence of BB-12 and the timing of BB-12 addition. Viable counts of B. lactis 

were determined by pour-plating on MRS (de Man, Rogosa, and Sharpe)-

NNLP (nalidixic acid, neomycin sulfate, lithium chloride, and paromomycin 

sulfate) agar (177) with growth under anaerobic conditions at 37°C for 72 

hours.  

During the treatment phase involving capsule consumption, 

participants ingested one capsule per day, which delivered log 10 ± 0.5 

CFUs/day. During each 4-week treatment phase, participants were required 

to avoid consuming any other food or pharmaceutical product containing 

probiotic bacteria such as commercial yogurt, smoothies, and probiotic 

bacteria capsules. Participants were asked not to change their habitual diets 

during the course of the study and to maintain their body weight.  

5.3.4. Sample size estimation 

The primary immune endpoint used to estimate sample size for the 

study in Chapter 5 was self-reported total number of days with cold or flu 

symptoms from our pilot study and published clinical trials assessing the 

effect of BB-12 consumption on cold or flu severity in healthy adults (117). 

Using the sample size calculation for crossover study, it was determined that 

the estimated sample size required to identify a mean difference of 60% in 
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total number of days with cold or flu symptoms with α = 0.05 and β = 80% 

was 39. The dropout rate in our pilot study was 15%. If we estimate a dropout 

rate of 15%, the final sample size was 52. However, only 36 participants were 

recruited in the study, and 30 participants completed at least one allocated 

interventions. Thus, the assessment of the effect of BB-12 consumption on 

total number of days with cold or flu symptoms was underpowered. 

5.3.5. Diet assessment 

Dietary intake of the participants was obtained via 24-hour dietary 

recalls for 3 days, including one weekend day. Briefly, participants were 

asked to recall their intake of food and beverages during breakfast, lunch, 

dinner, and snacks in three days according to detailed instructions provided 

by trained staff. Portion size of each food item was also provided. Daily intake 

of total calories, macronutrients, vitamins, and minerals was analyzed based 

on the recorded food intake of participants using Food Processor SQL 

software (ESHA Research, Salem, OR). 

5.3.6. Physical activity assessment 

Physical activity level of participants was evaluated using the 

International Physical Activity Questionnaires (IPAQ) questionnaire as 

previously reported (138). Briefly, the participants recorded the activity they 

performed during each of the 96 periods of 15 min over a 24-h period for 3 

days, including one weekend day. The activities were categorized from 1 to 9 

depending on their intensity as previously described (138). Total daily 

intensity of physical activity was calculated by averaging the approximate 

metabolic equivalent of tasks (METs) of activities performed of the categories 

3 to 9 over a 24 hour period (96 periods of 15 min). 
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5.3.7. Upper respiratory tract infection questionnaire 

Participants completed a self-administered URTI questionnaire, which 

was developed from established, frequently used instruments (146) on the 

incidence (whether or not have experienced cold or flu episodes, with 

symptoms including a sore throat, runny or stuffy nose, coughing sneezing, 

fever, headache, general aches and pains, fatigue and discomfort); severity 

(total number of days with cold or flu symptoms) of cold or flu symptoms; 

number of days in bed and/or absent from work due to cold or flu; and sick 

score (ranging from 1-10 from not very severe to severe) due to cold or flu 

infection over the past month. Participants were instructed to recall the 

occurrence of cold or flu in the last month, and advised on questionnaire 

completion.  

5.3.8. Blood sample collection and immunological assays 

Blood (50 ml) was collected in sterile EDTA (K2)-coated blood tubes 

(BD Biosciences, San Jose, CA) by trained staff at the CRC on the University 

Park campus. 

Serum markers  

Insulin was measured by radioimmunoassay (Quest Diagnostics). 

Glucose was determined by an immobilized enzyme biosensor using the YSI 

2300 STAT Plus Glucose and Lactate Analyzer (Yellow Springs Instruments). 

Serum high-sensitivity C-reactive protein (hs-CRP) was measured by latex-

enhanced immunonephelometry (Quest Diagnostics; assay CV < 8%). 

Isolation of immune cells  

Human blood was diluted 1:2 with phosphate buffer saline (PBS) 

(Mediatech, Manassas, VA), gently layered on top of lymphocyte separation 
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media (LSM) (Corning, Manassas, VA), and centrifuged at 1600 rpm with low 

speed and no brake for 30 mins at room temperature. Peripheral blood 

mononuclear cells (PBMCs) were collected at the plasma/LSM interface; 

washed twice with complete media RPMI 1640 (Mediatech) containing 10 mM 

HEPES (Mediatech), 10% heat-inactivated fetal bovine serum (Gemini, West 

Sacramento, CA), 2 mM L-glutamine (Mediatech), 0.1 mM nonessential 

amino acids (Mediatech), 1 mM sodium pyruvate (Mediatech), 100U/ml 

Penicillin/Streptomycin (Mediatech), and 55 μM 2-mercaptoethanol (Life 

Technologies, Grand Island, NY) at room temperature; and counted for use in 

functional and phenotypic analyses.  

Lymphocyte proliferation assay 

PBMCs (2 X 106/ml) were incubated with 0 or 1μg/ml plate-bound 

purified mouse anti-human CD3 antibody (Life Technologies) in flat-bottomed 

96-well plates. After 54 hours in culture, the cells were pulsed with [3H] 

thymidine (1 μCi/well; Perkin Elmer, Waltham, MA) and harvested 18 hours 

later. Following incubation, cells were harvested onto glass fiber filter mats 

(Perkin Elmer) via a MicroBeta FilterMate-96 Harvester (Perkin Elmer). 

Incorporated radioactivity was measured by liquid scintillation counting on a 

2450 MicroBeta plate counter (Perkin-Elmer). Each assay was performed in 

triplicate. The proliferative response was expressed as a stimulation index 

(SI) calculated by dividing the mean cpm (counts per minute) of anti-CD3 

stimulated T cells by the mean cpm of unstimulated (media only) cells.  

Cytokine secretion assays 

PBMCs (2 X 106/ml) were stimulated with 1μg/ml plate-bound purified 

mouse anti-human CD3 antibody (Life Technologies) in flat-bottomed 96-well 
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plates. Supernatants from anti-CD3 plates were harvested and frozen after 48 

hours. IFN-γ, TNF-α and IL-2 secretion from anti-CD3 stimulated PBMCs 

were measured using the Human ELISA MAX™ Deluxe (Biolegend, San 

Diego, CA) as per manufacturer instructions. Each assay was performed in 

triplicate. 

Flow cytometric analyses 

PBMCs were washed twice in PBS at 4°C. Fc receptors on PBMCs 

were blocked by incubation with 1 μg purified mouse anti-human CD16 

(Biolegend) per 1×106 cells for 15 min at 4°C. PBMCs were stained with 

fluorescence-labeled antibodies (1μg/1×106 cells) to the following cell surface 

markers: CD3, CD4, CD8, CD69, CD25, CD56, CD14, CD123, CD11c, HLA-

DR. Antibody isotype controls included: mouse IgG2a and mouse IgM. All 

antibodies were purchased from BD Biosciences. Following incubation with 

the conjugated antibodies for 30 min at 4° C, cells were washed twice in PBS 

and then fixed in cytofix (BD Biosciences) for flow cytometric analyses. 

Lymphoid and myeloid cells were gated on forward vs. side scatter and a total 

of 25,000 events were analyzed on a FC500 Benchtop Cytometer (Beckman 

Coulter, Pasadena, CA). Flow cytometric analyses were plotted and analyzed 

using Flowjo 7.6 (Tree Star, Ashland, OR).  

Cytotoxicity assays 

Natural killer cell cytotoxicity (NKCC) assay was assessed in standard 

4-hour chromium release assay as previously described (194), using 200:1 

effector to target (E:T) ratio. NKCC experiments were performed using 

PBMCs as effector cells and 51Cr-labeled K562 as target cells. Adjusted 

NKCC measured NKCC on a per cell basis, and was calculated based on the 
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percentage of NK cells (CD56+CD3-) in the peripheral blood as quantified via 

flow cytometry. All experiments were performed in triplicate. 

5.3.9. Gene expression 

Gene expression of FoxP3, TGF-β, IL-10, and IL-12 in PBMCs was 

assessed in a subset of participants (n=13). Total RNA of PBMCs was 

extracted and genomic DNA contamination was removed by using RNeasy 

Mini Kit (Qiagen, Valencia, CA) as per manufacturer instructions. Total RNA 

was quantified by using a Nanodrop 2000 spectrophotometer (Thermo 

Scientific, Wilmington, DE), and reverse-transcribed to cDNA using the High 

Capacity cDNA Reverse Transcription kit (Life Technologies). Real-time 

qPCR was performed by using Applied Biosystems StepOnePlus Real-Time 

PCR System (Life Technologies). Quantification of gene expression was 

performed in 96-well plates by adding 20 ng of cDNA with 2X TaqMan PCR 

Master Mix (Life Technologies) and TaqMan Gene Expression primers (Life 

Technologies). Supplemental Table 5.1 describes the 5 target genes and 

primers. The amplification protocol consisted of 10 min at 95°C, followed by 

40 cycles of 15 sec at 95°C and 1 min at 60°C. Cycle threshold (Ct) values of 

the genes and endogenous control gene (GAPDH) were used with the ΔΔCt 

method to determine relative levels of gene expression. Relative 

quantification or fold change in gene expression was determined using the 2-

ΔΔCt method, where ΔΔCt = (Cttarget - Ctendogenous) - (Ctreference - Ctendogenous), with 

GAPDH as endogenous control and baseline value as reference control.  

5.3.10. Statistical analyses 

Statistical analyses were performed using SAS (Statistical Analysis 

System, Version 9.4, Cary, NC). Differences in the fold change in gene 
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expression of FOXP3, TGF-β, IL-10, and IL-12 among treatment were 

determined using the Friedman test, followed by a Dunnett test for multiple 

comparisons where appropriate.   

All immune endpoints in this study were tested for a carryover effect 

using an exponential decay model (details of model explained in 

Supplemental Data). No carryover effect of treatments on any immune 

endpoint was observed. 

The mixed models procedure (PROC MIXED) was used to test the 

effects of treatment on immune outcomes, including percent change from 

baseline following each treatment period and raw values at baseline and 

following treatments. Outcomes were modeled as repeated measures with 

unstructured covariance. Age, gender, BMI, PA, dietary factors and their 

interactions with treatment (e.g. age*treatment, gender*treatment, etc.) were 

included as covariates. Dietary factors (e.g. dietary intake of total calories, 

vitamin C, D, E, iron, zinc, and n-3 PUFA) were selected based on their 

individual contributions to the variation in immune cell distribution, phenotypic 

marker expression and function of T cells and NK cells at baseline (178). The 

covariates in models varied by different immune outcomes, and were selected 

based on manual backward selection procedure. Briefly, models were fitted 

with immune outcomes as dependent variables, and treatment effect and all 

covariates as independent variables. Covariates were removed from the 

model one by one based on the significance (assessed by p value of the 

corresponding covariate in models) of their contribution to the models. 

Covariates included in the final models contributed significantly to the model. 

If the interaction was significant but the main effect was not, both the main 
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effect and interaction were included in the model. Participant was designated 

as a random effect and the treatment effect and covariates were fixed effects. 

For all outcomes, model selection was based on optimizing fit statistics 

(evaluated as lowest Bayesian information criterion) and α was set at 0.05 for 

all tests. Bonferroni correction was used for post hoc analyses. Means are 

reported as least squares means ± 95% CI.  

Logistic regression (PROC LOGISTIC) was used to test the effects of 

treatment on self-reported cold or flu incidence following each treatment 

period. Poisson regression (PROC GENMOD) was used to test the effects of 

treatment on self-reported number of cold or flu episodes, total number of 

days with cold or flu symptoms, number of days in bed and/or absent from 

work due to cold or flu infection, and sick score due to cold or flu infection 

following each treatment period. Outcomes were modeled as repeated 

measures. Covariates and selection procedure of covariates were the same 

as described above. Means are reported as least squares means ± 95% CI. 

Statistical significance was accepted at the p ≤ 0.05 level. Graphs were 

plotted using GraphPad Prism 5 (La Jolla, CA).   

5.4. Results  

5.4.1. Participant characteristics.  

Anthropometric measurements, physical activity intensity and dietary 

intake of participants are presented in Table 5.1. All 30 participants (19 

females and 11 males) completed the study. The participants were healthy, 

young adults (mean age of 28.0±1.2 years). The average BMI was 

24.2±0.5kg/m2; 20 (66.7%) participants were normal weight, 9 (30.0%) were 

overweight, and 1 (3.3%) was obese. Their average waist circumference was 
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85.1±1.4 cm. Their blood pressure was normal and fasting blood glucose, 

insulin, and CRP levels were within the normal range (data not shown). 

Physical activity (PA) was assessed from self-reported IPAQ responses. The 

median daily physical activity intensity (based on self-reported responses) 

was estimated to be 3.0 METs (range 2.4-5.2 METs). The average daily total 

calorie intake of participants calculated from 3-day dietary recall records was 

estimated to be 2350±145 kcal. The daily intake of macronutrients, vitamins, 

minerals and n-3 PUFA are reported in Table 5.1.  
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Table 5.1. Demographic characteristics of participants at baseline 1. 
 

Characteristics Values (n=30) 

Age (yr) 28.0±1.2 

Male, n (%) 11 (36.7%) 

Body mass index (kg/m2) 24.2±0.5 

≤24.9 20 (66.7%) 

25.0 -29.9 9 (30.0%) 

≥30 1 (3.3%) 

Waist Circumference (cm) 85.1±1.4 

Physical activity (METs)2 3.0 (2.4-5.2) 

Dietary intake2 of   

Total calories (kcal/d) 2350±145 

Carbohydrate (g/d) 291.1±19.5 

Protein (g/d) 91.7±6.8 

Fat (g/d) 92.1±6.7 

Vitamin C (mg/d) 62.3±11.0 

Vitamin D (IU/d) 112.6±34.4 

Vitamin E (mg/d) 2.8±0.6 

Iron (mg/d) 14.9±1.4 

Selenium (µg/d) 37.4±4.7 

Zinc (mg/d) 6.2±0.6 

n-3 PUFA (g/d) 0.5±0.1 

 
1 Values are presented as mean ± SEM or n (%) or median (range).  
2  Physical activity and dietary intake were assessed from self-reported 
responses to IPAQ and 3-day dietary recall records, respectively.
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5.4.2. Consumption of BB-12 did not alter the distribution of T cells and 

subsets. 

The percentage of total (CD3+), helper (CD3+CD4+) and cytotoxic 

(CD3+CD8+) T cells in peripheral blood at baseline and following each 

treatment was quantified by flow cytometry. None of the treatments altered 

the percentage of total (CD3+; F(4,101)=0.31, p=0.87), helper (CD3+CD4+; 

F(4,101)=0.21, p=0.93) and cytotoxic (CD3+CD8+; F(4,101)=0.53, p=0.71) T cells 

in peripheral blood in comparison to baseline (data not shown). The ratio of 

CD4+:CD8+ (helper: cytotoxic) T cells was also not different between baseline 

and treatments (F(4,99)=0.76, p=0.55; data not shown). Expression of 

activation markers CD69 and CD25 on total CD3+ T cells, CD4+ and CD8+, 

subsets at baseline and following each treatment was also assessed by flow 

cytometry. No consistent treatment effects were observed on activation 

marker expression (data not shown).  

5.4.3. T cell proliferation and cytokine secretion were not altered in 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation 

The percent change from baseline in T cell proliferation (Fig. 5.2A); 

and secretion of IFN-γ (Fig. 5.2B), TNF-α (Fig. 5.2C), and IL-2 (Fig. 5.2D) in 

response to 1 μg/ml anti-CD3 antibody stimulation following each treatment 

was measured to determine if BB-12 consumption alters the effector function 

of T cells. The percent change in T cell proliferation was not different among 

treatments (Fig. 5.2A; F(3,72)=2.10, p=0.11). The percent change from baseline 

in anti-CD3 induced IFN-γ secretion (Fig. 5.2B; F(3,72)=0.39, p=0.76) and TNF-

α secretion from T cells did not differ among treatments (Fig. 5.2C; 
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F(3,72)=1.89, p=0.14). However, subjects who consumed yogurt smoothies 

alone, yogurt smoothies with BB-12 added pre-fermentation and BB-12 in 

capsule form all had elevated TNF-α secretion from T cells in response to 

anti-CD3 stimulation. However, participants who consumed yogurt smoothies 

with BB-12 added post-fermentation had reduced TNF-α secretion. The 

percent change from baseline in IL-2 secretion from anti-CD3 stimulated T 

cells was marginally different among treatments (Fig. 5.2D; F(3,72)=2.50, 

p=0.0665). Similar to the pattern of TNF- secretion in response to treatment, 

participants who consumed yogurt smoothies alone, yogurt smoothies with 

BB-12 added pre-fermentation and BB-12 in capsule form all had increased 

IL-2 secretion; whereas participants who consumed yogurt smoothies with 

BB-12 added post-fermentation did not increase IL-2 secretion from anti-CD3 

stimulated T cells. 
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Figure 5.2. T cell proliferation and cytokine secretion in participants following each treatment.  
The percent change from baseline in anti-CD3 induced T cell proliferation [(A); F(3,72)=2.10, p=0.11], and IFN-γ [(B); F(3,72)=0.39, 
p=0.76] and TNF-α [(C); F(3,72)=1.89, p=0.14] secretion did not differ among treatments in participants. The percent change from 
baseline in IL-2 secretion from anti-CD3 stimulated T cells was marginally different among treatments [(D); F(3,72)=2.50, p=0.0665]. 
Data are presented as least squares means ± 95% CI. 
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5.4.4. Distribution of NK cells in peripheral blood and NKCC varied by 

treatment group. 

The distribution of NK cells (CD56+CD3-) in peripheral blood (percent 

change from baseline; Fig. 5.3A) and NKCC (Fig. 5.3B) were measured 

following each treatment. Participants who consumed yogurt smoothies with 

BB-12 added pre- and post-fermentation had a greater reduction in the 

percentage of NK cells in peripheral blood than subjects who consumed 

yogurt alone, or BB-12 in capsule form (Fig. 5.3A; F(3,64)=4.82, p=0.0044). The 

change in NKCC was marginally different among treatments (200:1 E:T ratio; 

F(3,55)=2.37, p=0.08; data not shown). Participants who consumed yogurt 

smoothies alone; yogurt smoothies with BB-12 added pre-fermentation; or 

BB-12 capsule had increased cytotoxic function of NK cells. In contrast, 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation had no change in NK cell cytotoxicity (data not shown). Since a 

significant change in the distribution of NK cells was observed (Fig. 5.3A), the 

NKCC was adjusted based on the percentage of NK cells in PBMCs to 

determine the effect of treatment on NKCC on a per cell basis. Participants 

who consumed yogurt smoothies alone, yogurt smoothies with BB-12 added 

pre-fermentation, or BB-12 in capsule form had elevated NKCC; whereas, 

subjects who consumed yogurt smoothies with BB-12 added post-

fermentation had no increase in NKCC (Fig. 5.3B; F(3,52)=4.23, p=0.0094).  
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Figure 5.3. Distribution of NK cells in peripheral blood and NKCC in 
participants following each treatment.  
The percent change from baseline in NK cell distribution in peripheral blood 
following yogurt smoothies with BB-12 added pre-fermentation was 
significantly different from yogurt smoothie alone and BB-12 capsule [(A); 
F(3,64)=4.82, p=0.0044; covariates in model: gender, zinc, treatment*zinc]. The 
percent change from baseline in adjusted NKCC at 200:1 E:T ratio was 
significantly different among treatments [(B); F(3,52)=4.23, p=0.0094; covariate 
in model: BMI, PA, treatment*BMI, treatment*PA]. Data are presented as 
least squares means ± 95% CI. Post hoc analyses were conducted using 
Bonferroni correction for multiple comparisons. Different lowercase letters 
within endpoints indicate significant differences between treatments. 
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5.4.5. Reduction in HLA-DR expression on antigen-presenting cells 

(APCs) may contribute to the treatment effect of BB-12 on T cell and NK 

cell function. 

To determine the potential mechanisms underlying the differences in 

immune outcomes assessed in subject who consumed yogurt smoothies with 

BB-12 added post-fermentation, we assessed the fold change from baseline 

in mRNA expression of the transcription factor FoxP3 (Fig. 5.4A); the 

regulatory cytokines TGF-β (Fig. 5.4B), IL-10 (Fig. 5.4C), and IL-12 (Fig. 

5.4D); and the surface expression of HLA-DR on dendritic cells (DCs, 

CD123+CD11c+HLA-DR+; Fig. 5.4E) and peripheral blood-derived monocytes 

(CD14+HLA-DR+; Fig. 5.4F) following each treatment. None of the treatments 

altered gene expression of FoxP3 (Fig. 5.4A; χ2=1.15, p=0.76), TGF-β (Fig. 

5.4B; χ2=0.70, p=0.87), IL-10 (Fig. 5.4C; χ2=2.68, p=0.44), and IL-12 (Fig. 

5.4D; χ2=1.43, p=0.70) in participants.  

The MFI of HLA-DR on DCs (percent change from baseline) was not 

different among treatments (Fig. 5.4E; F(3,72)=0.49, p=0.69). However, 

participants who consumed yogurt smoothies with BB-12 added pre-

fermentation or BB-12 capsule had elevated MFI of HLA-DR on DCs. In 

contrast, participants who consumed yogurt smoothies alone or with BB-12 

added post-fermentation had no change in HLA-DR expression on DCs. The 

MFI of HLA-DR on peripheral blood-derived monocytes (percent change from 

baseline) was significantly lower in participants who consumed yogurt 

smoothies with BB-12 added post fermentation compared to other three 

treatments (Fig. 5.4F; F(3,72)=2.84, p=0.0440).  
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Figure 5.4. Gene expression of regulatory mediators in PBMCs, and 
HLA-DR expression on DCs and peripheral blood-derived monocytes in 
participants following each treatment.  
None of the treatment altered the fold change in gene expression of FOXP3 
[(A); χ2=1.15, p=0.76], TGF-β [(B); χ2=0.70, p=0.87], IL-10 [(C); χ2=2.68, 
p=0.44], and IL-12 [(D); χ2=1.43, p=0.70] in our participants. The percent 
change from baseline in MFI of HLA-DR on DCs was not different among 
treatments [(E); F(3,72)=0.49, p=0.69; covariate in model: gender]. The percent 
change from baseline in MFI of HLA-DR on peripheral blood-derived 
monocytes was significantly lower in participants who consumed yogurt 
smoothies with BB-12 added post fermentation compared to other treatments 
[(F); F(3,72)=2.84, p=0.0440; covariate in model: age]. Data in Fig. 5A-D are 
presented as mean±SEM, and data in Fig. 5E and F are presented as least 
squares means ± 95% CI. Post hoc analyses were conducted using 
Bonferroni correction for multiple comparisons. Different lowercase letters 
within endpoints indicate significant differences between treatments.  
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5.4.6. All treatments except yogurt smoothies with BB-12 added post-

fermentation reduced self-reported cold or flu severity in participants.   

To determine if the alteration in T and NK cell function, or the change 

in NK cell distribution following treatments had any clinical consequences, we 

assessed the incidence of cold or flu infection; number of cold or flu episodes; 

total number of days with cold or flu symptoms; number of days in bed and/or 

absent from work due to cold or flu; and sick score due to cold or flu infection 

over the past month based on self-reported URTI questionnaire. None of the 

treatments altered the incidence of cold or flu infection (Table 5.2; Wald 

χ2=6.40, p=0.17); number of cold or flu episodes (Table 5.2; χ2=5.59, p=0.23); 

number of days in bed and/or absent from work (Table 5.2; χ2=3.88, p=0.42); 

and sick score (Table 5.2; χ2=8.92, p=0.06) due to cold or flu infection in 

participants. However, consumption of yogurt smoothies alone; yogurt 

smoothies with BB-12 added pre-fermentation; and BB-12 capsule (but not 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation) significantly decreased the self-reported total number of days 

with cold or flu symptoms by approximately 2-3 days (Table 5.2; χ2=9.45, 

p=0.0509).  
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Table 5.2. Difference in self-reported cold or flu incidence and severity in the past month between BL and treatments1,2,3.  
 

 BL (N=30) YS (N=26) PRE (N=26) POST (N=26) CAP (N=27)  

 n (%) n (%) n (%) n (%) n (%) p value1 

Incidence of cold or flu      0.1709 

No 15 (50.0) 20 (76.9) 20 (76.9) 17 (65.4) 16 (59.3)  

Yes 15 (50.0) 6 (23.1) 6 (23.1) 9 (34.6) 11 (40.7)  

 mean (95% CI) mean (95% CI) mean (95% CI) mean (95% CI) mean (95% CI) p value2 

Number of cold or flu episodes3 0.85 (0.53,1.36) 0.37 (0.17,0.82) 0.34 (0.15,0.75) 0.54 (0.30,0.99) 0.49 (0.30,0.81) 0.2316 

Number of days with cold or flu 
symptoms3 

3.87 (2.42,6.19) 1.51 (0.74,3.06)* 1.20 (0.55,2.60)** 2.37 (1.31,4.29) 1.96 (1.14,3.36)* 0.0509 

Number of days in bed or away 
from work due to cold or flu 

0.90 (0.34,2.36) 0.50 (0.10,2.58) 0.08 (0.01,0.53) 0.08 (0.02,0.29) 0.33 (0.12,0.93) 0.4220 

Sick score due to cold or flu 3.03 (2.01,4.58) 1.04 (0.48,2.26) 0.92 (0.40,2.10) 1.31 (0.71,2.40) 1.93 (1.12,3.31) 0.0632 

 

1 p values for overall difference between BL and treatments based on Logistic regression. 
2 p values for overall difference between BL and treatments based on Poisson regression. 
3 covariates include gender. 
*represents p<0.05 compared to BL; **represents p<0.01 compared to BL.
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5.5. Discussion 

To our knowledge, our study provides the first comprehensive 

documentation of the effect of Bifidobacterium animalis subsp. lactis (BB-12) 

consumption, delivered in yogurt smoothies or capsule, on the function of T 

cells and NK cells concurrently with self-reported cold or flu incidence and 

severity in young adults. We observed that participants who consumed yogurt 

smoothies alone, yogurt smoothies with BB-12 added pre-fermentation or BB-

12 in capsule form had an elevation in IL-2 secretion and NKCC. In contrast, 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation had no increase in IL-2 production from stimulated T cells or 

NKCC. These findings suggest that the timing of the addition of BB-12 to the 

yogurt smoothies impacts the immunomodulatory properties of BB-12. We 

also observed that consumption of yogurt smoothies with BB-12 added post-

fermentation decreased the expression of HLA-DR on peripheral blood-

derived monocytes. This may contribute to the difference in cytokine secretion 

observed in this treatment group. Moreover, subjects who consumed yogurt 

smoothies alone; yogurt smoothies with BB-12 added pre-fermentation; or 

BB-12 capsule had significantly fewer number of days with cold or flu 

symptoms. However, subjects who consumed yogurt smoothies with BB-12 

added post-fermentation had no reduction in the number of days with cold or 

flu symptoms. These data demonstrate that changes in URTI severity are 

correlated with both NK cell and T cell functional outcomes.  Furthermore, 

these data demonstrate that timing of the addition of BB-12 to the yogurt 

mixture significantly impacts the efficacy of BB-12 to modulate immune 

responses and URTI severity. 
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To gain a better understanding of the role of BB-12 consumption on T 

cell function in healthy adults, we quantified the proliferative capacity and 

cytokine secretion (IFN-γ, TNF-α, and IL-2) of T cells in response to anti-CD3 

stimulation. We observed that subjects who consumed yogurt smoothies 

alone; yogurt smoothies with BB-12 added pre-fermentation; and BB-12 in 

capsule form had a elevation in IL-2 secretion from T cells; whereas the 

consumption of yogurt smoothies with BB-12 added post-fermentation did not 

result in an increase in IL-2 secretion. Although we observed no statistically 

significant differences in T cell proliferation, IFN- or TNF- secretion, a 

pattern emerged in TNF- secretion that was similar to the pattern of IL-2 

secretion among treatments. TNF- and IL-2 secretion in subjects who 

consumed yogurt smoothies with BB-12 added post-fermentation was 

unchanged in response to the intervention. This suggests that this treatment 

(consumption of yogurt smoothies with BB-12 added post-fermentation) 

results in physiological changes that are unique, as exposure to all other 

treatment groups (including yogurt alone) resulted in an elevation of IL-2 and 

TNF-. 

The elevation in T cell IL-2 secretion observed in participants who 

consumed yogurt smoothies alone may be due to immunomodulatory effect of 

bacteria-free components of yogurt (195). The yogurt fermentation process 

can increase the bioavailability of minerals in yogurt (195). One study found 

that long-term yogurt consumption is associated with increased 

concentrations of ionized calcium in serum; and calcium has been shown to 

enhance IL-2 secretion from T cells (195). Thus, consumption of yogurt 

smoothies alone may increase IL-2 secretion via improving the bioavailability 
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of calcium. The elevation in IL-2 secretion following consumption of yogurt 

smoothies with BB-12 added pre-fermentation or BB-12 in capsule form may 

be due to an effect of BB-12 on T cell function. Although the elevation in IL-2 

secretion observed in these three treatments may be due to various individual 

treatment effects, a potential placebo effect may also explain the consistent 

changes in IL-2 secretion by three different treatments. Recent evidence 

demonstrates that placebo effects may influence human immune response 

via expectations, behavior modifications and learning processes associated 

with the placebo response (196).  

Consumption of yogurt smoothies with BB-12 added post-fermentation 

did not increase in vitro TNF- and IL-2 secretion from T cells, suggesting that 

BB-12 may lose the probiotic effect and/or its ability to modulate immunity 

after being added post yogurt fermentation. Consuming yogurt smoothies with 

BB-12 added post-fermentation may induce signaling pathways in T cells that 

differ from other three treatments. In the same study population, we also 

found that consumption of yogurt smoothies with BB-12 added post-

fermentation significantly reduces heat-inactivated BB-12 or LPS-induced 

TNF-α secretion from peripheral myeloid cells. This reduction in TNF-α 

secretion in participants who consumed yogurt smoothies with BB-12 added 

post-fermentation was associated with lower expression of Toll-like receptor 2 

(TLR-2) on peripheral blood-derived monocytes [Meng, et al, submitted 

manuscript]. Transcription factor nuclear factor-κB (NF-κB) is downstream of 

TLR-2 in myeloid cells and is crucial in initiating gene expression of pro-

inflammatory cytokines, including TNF-α. Several in vitro studies reported that 

lactic acid producing probiotics can inhibit the activity of NF-κB, and 
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concurrently reduce TNF-α mRNA expression in human intestinal epithelial 

cells, or RAW264.7 macrophages in response to probiotic bacteria or LPS 

stimulation (182, 185, 186). In T cells, NF-κB can be activated by protein 

kinase Cθ and IKKβ, which are induced by the combination of T cell receptor 

(TCR) and co-stimulatory signaling (197). Once activated, NF-κB plays an 

important role in T cell development and function, including T cell proliferation 

and cytokine production (197). Moreover, NF-κB activity is crucial for Th1 

responses, including secretion of TNF-α (197). Therefore, changes in NF-kB 

signaling may be induced in both monocytes and T cells following 

consumption of yogurt smoothies with BB-12 added post-fermentation, 

reducing both monocyte and T cell responses to stimulation. Moreover, TCR 

and co-stimulatory signaling-induced NF-κB activation results in translocation 

of NF-kB into the nucleus, and binding of NF-kB to the proximal promoter of 

human IL-2 and IL-2 receptor genes, resulting in increased IL-2 secretion and 

expression of the IL-2 receptor (198-200). IL-2 in turn stimulates T cell 

responses in an autocrine fashion, and regulates cellular events including 

activation of the NF-κB pathway (198-200). Thus, consumption of yogurt 

smoothies with BB-12 added post-fermentation may result in blunted NF-κB 

signaling and a subsequent reduction in IL-2 secretion, which further reduces 

NF-κB signaling. Future studies are needed to investigate the effect of BB-12 

on NF-κB pathways in human T cells, and determine if the inhibition of NF-κB 

activity may explain the reduction in T cell TNF-α and IL-2 secretion following 

consumption of BB-12 delivered in yogurt smoothies post-fermentation in our 

participants.  
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To determine the role of consumption of BB-12 on NK cells, we 

quantified the percentage of NK cells in peripheral blood and the cytotoxic 

function of NK cells. All treatments reduced the percentage of NK cells in 

peripheral blood, but consumption of yogurt smoothies with BB-12 added pre- 

and post-fermentation resulted in the greatest reduction. When the NK 

function was assessed, subjects who consumed yogurt smoothies alone; 

yogurt smoothies with BB-12 added pre-fermentation; and BB-12 in capsule 

form had an elevation in NK cell cytotoxicity. However, since we observed a 

significant reduction in the percent of circulating NK cells in subjects who 

consumed yogurt smoothies with BB-12 added both pre- and post- 

fermentation, we adjusted the NK cell cytotoxicity based on the percent of NK 

cells in the sample to determine if any of the treatments altered NK cell 

function on a per cell basis. After adjusting for the percent of NK cells in the 

sample, we observed that consumption of yogurt smoothies alone; yogurt 

smoothies with BB-12 added pre-fermentation; and BB-12 in capsule form 

resulted in an elevation of NK cell cytotoxicity; whereas consumption of yogurt 

smoothies with BB-12 added post-fermentation had no effect on NK cell 

function. Similar to T cell IL-2 cytokine secretion, the consistent elevations in 

NK cell cytotoxicity following consumption of yogurt smoothies alone; yogurt 

smoothies with BB-12 added pre-fermentation; and BB-12 capsule may be 

due to a placebo effect of being a participant in a clinical trial. Moreover, IL-2 

is an essential growth factor for NK cells, and has been shown to enhance NK 

cell cytotoxic activity (198). Therefore, increased IL-2 secretion may also 

contribute to the elevation in NK cell cytotoxicity in the three treatment groups. 

In contrast, NK cell cytotoxicity was not affected by consumption of yogurt 
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smoothies with BB-12 added post-fermentation, which may be attributable to 

lack of effect of this treatment on IL-2 secretion from T cells. Overall, our 

results demonstrated an inhibitory effect of BB-12 delivered in yogurt 

smoothies post-fermentation on distribution and function of NK cells, and also 

suggest that the timing of addition of BB-12 to the yogurt may influence the 

impact of BB-12 on NK cells. 

Three different biological mechanisms may underlie the treatment 

differences observed in T cell and NK cell function. First, BB-12 may influence 

the responses of T cells and NK cells in the periphery indirectly by modulating 

gut microbiota composition. A number of clinical studies demonstrate that oral 

consumption of BB-12, alone or combined with other probiotic bacteria or 

bioactive compounds, influences the composition of gut microbiota, which 

may interact with intestinal epithelial cells and/or immune cells. Mohan et al 

reported that daily supplementation with infant formula containing 4.9 x 109 

cfu of BB-12 for 21 days increases the number of Bifidobacteria and 

decreases the number of harmful bacteria, including Enterobacteriaceae and 

Clostridia in the intestine of preterm infants (191). Clinical studies with healthy 

adults found similar results. Alander et al reported that healthy adults who 

consumed 3 x 1010 cfu/d of BB-12 alone or in combination with 4 grams of 

galacto-oligosaccharide significantly increase the number of Bifidobacteria in 

feces (201). Another clinical study found that oral consumption of fermented 

milk supplemented with 109 to 4 x 1010 cfu/d of BB-12;1 x 109 cfu/d of 

Lactobacillus acidophilus LA5; and green tea extract for 4 weeks modifies gut 

bacteria composition by increasing the count of Bifidobacteria and Lactobacilli 

and decreasing the count of Enterococci in healthy adults in comparison to 



144 

 

  

baseline (202). Similarly, Matto et al observed that consumption of a total 

number of 1 x 1011 cfu/d of BB-12, Lactobacillus acidophilus NCFB 1748, and 

Lactobacillus paracasei subsp. paracasei F19 for 2 weeks increases the total 

number of Bifidobacteria and Lactobacilli in feces in healthy adults (203). 

Similar changes in gut microbiota were also observed in adult and aged rats 

fed with BB-12 in conjunction with LGG and the prebiotic inulin for 21 days 

(193). The mechanisms underlying how changes in microbiota composition 

may impact T cell and NK cell function are still unclear. However, gut 

microbiota may induce cytokine secretion by intestinal epithelial cells, regulate 

gut-brain axis, and produce various metabolites (e.g. short chain fatty acids), 

which may mediate the relationship between microbiota and immune function 

(204). 

The second mechanism by which BB-12 consumption may be altering 

immune cell function via a change in the level of regulatory mediators, 

including transcription factor of regulatory T cells (Treg) FoxP3 and regulatory 

cytokines TGF-β, IL-10, and IL-12, all of which have been shown to influence 

activity of T cells and NK cells (205-208). Tregs are part of the adaptive 

immune system that maintain self-tolerance and contribute to homeostasis of 

immune responses by shutting down the activities of immune cells, including 

T cells and NK cells, after their successful clearance of invading pathogens 

(205). FoxP3 is a transcription factor that regulates the development and 

suppressive function of Tregs (205). TGF-β can be secreted by many immune 

cells, and has been well-known for its role in controlling proliferation and 

differentiation of lymphocytes (206). TGF-β has been shown to induce 

expression of FoxP3 in Tregs, and mediates the suppressive capacity of 
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Tregs (206). Moreover, TGF-β is also able to block the activity of T cells and 

NK cells, including T cell proliferation and cytokine secretion, NK cell 

cytotoxicity and IFN-γ secretion (206). IL-10 is an anti-inflammatory cytokine 

that regulates immune response during infection or inflammatory process 

(207). In particular, IL-10 can inhibit the activity of T helper 1 cells, NK cells, 

and macrophages (207). In contrast, IL-12 contributes to inflammatory 

responses by inducing the production of pro-inflammatory cytokines from T 

cells and NK cells, and the differentiation of T cells towards a T helper 1 

phenotype (208). We observed that participants who consumed yogurt 

smoothies alone; yogurt smoothies with BB-12 added pre-fermentation; and 

BB-12 in capsule form had an elevation in T cell and NK cell function; 

whereas consumption of yogurt smoothies with BB-12 added post-

fermentation did not increase responses of T cells and NK cells. Thus, we 

hypothesized that consumption of yogurt smoothies alone, yogurt smoothies 

with BB-12 added pre-fermentation, and BB-12 capsule decrease gene 

expression of FoxP3, TGF-β, and IL-10, and increase gene expression of IL-

12. In contrast, we hypothesized that yogurt smoothies with BB-12 added 

post-fermentation increase gene expression of FoxP3, TGF-β, and IL-10, and 

decrease gene expression of IL-12. In order to test this hypothesis, we 

assessed the fold change from baseline in mRNA expression of FoxP3, TGF-

β, IL-10, and IL-12 in PBMCs following each treatment period by using real-

time qPCR. We observed that none of the treatments altered the expression 

of these regulatory mediators. The effect of BB-12 consumption alone on 

gene expression of FoxP3 and TGF-β in PBMCs has not been reported 

previously. However, consumption of yogurt containing 1010 cfu/d of BB-12 
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combined with two Lactobacilli strains (with and without low calorie diet) for 8 

weeks increases gene expression of FoxP3 and TGF-β in PBMCs from 

overweight and obese adults (41). Previous studies report no effect of BB-12 

consumption on protein levels of IL-10 and IL-12, which correlated with lack of 

effect in gene expression of IL-10 and IL-12 in PBMCs observed in our study. 

One clinical study reported that serum levels of IL-10 and secretion of IL-12 

from influenza A.H3N2 stimulated PBMCs does not change in healthy adults 

who consumed a milk drink containing BB-12 for 3 weeks (20). Another study 

found no change in serum concentrations of IL-10 in healthy adults that 

consumed 109 cfu/d of BB-12 for 6 weeks (15). Moreover, IL-10 secretion 

from PHA-stimulated PBMCs was not altered in healthy adults following 

consuming BB-12 capsules at doses of 108-1011 cfu/d for 3 weeks (14). 

Overall, our results suggest that BB-12 induced alterations in function of T 

cells and NK cells were not due to changes in Treg function or the production 

regulatory cytokines. 

Lastly, HLA-DR, which is the surface major histocompatibility complex 

II (MHCII) on DCs and macrophages, is part of “signal I” of T cell activation. 

HLA-DR can present foreign antigen peptides to the T cell receptor inducing 

subsequent T cell activation. We quantified the expression of HLA-DR on DCs 

and peripheral blood-derived monocytes at baseline and following each 

treatment period to determine if BB-12 consumption altered T cell cytokine 

secretion via changing HLA-DR expression on APCs. We found that HLA-DR 

expression on peripheral blood-derived monocytes was significantly lower in 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation compared to other three treatments. Our results suggest that the 
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reduction in anti-CD3 induced secretion of TNF-α and IL-2 in participants who 

consumed yogurt smoothies with BB-12 added post-fermentation may be due 

to the reduction in HLA-DR expression on peripheral blood-derived 

monocytes. In addition, activation of TLR-2 signaling induces a cascade of 

intracellular events, which can contribute to a greater expression of HLA-DR 

on APCs (209). Our previous study found that consumption of yogurt 

smoothies with BB-12 added post-fermentation reduces expression of TLR-2 

on peripheral blood-derived monocytes, which may contribute to the 

decreased HLA-DR expression on these cells. In addition to “signal I”, 

expression of co-stimulatory molecules, including CD80 (B7.1) and CD86 

(B7.2), on APCs is also essential in activation and function of T cells. 

Upregulation of TLR-2 expression has also been shown to increase the 

expression of CD80 and CD86 on APCs (209). Thus, consumption of yogurt 

smoothies with BB-12 added post-fermentation reduces expression of TLR-2 

on peripheral blood-derived monocytes, which may contribute to lower 

expression of HLA-DR and co-stimulatory molecule expression on peripheral 

blood-derived monocytes, and result in reduction in T cell cytokine secretion.  

To determine if the alterations in function of T cells and NK cells have 

clinical relevance, we assessed self-reported outcomes associated with cold 

of flu incidence and severity in the past month of our participants. We found 

that participants who received yogurt smoothies alone; yogurt smoothies with 

BB-12 added post-fermentation; and BB-12 capsule had significantly fewer 

total number of days with cold or flu symptoms. In contrast, we did not see a 

protective effect of yogurt smoothies with BB-12 added post-fermentation on 

URTI symptoms. The beneficial effect of BB-12 alone has also been observed 
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in infants in previous studies. Healthy children 12-48 months of age 

significantly reduce number of days with URTI symptoms following consuming 

yogurt supplemented with BB-12 and prebiotic inulin once daily for 16 weeks 

(119). Similarly, infants that received BB-12 by using a slow-release tablet 

from 2 to 8 months old have fewer respiratory infections compared to infants 

received placebo (120). We also observed a protective effect of yogurt 

smoothies alone on self-reported cold or flu infection in our participants, 

indicating a potential placebo effect on cold or flu outcomes. Participants may 

have increased expectations for health and behavioral modifications towards 

healthy lifestyle when they participate in clinical interventions, and these 

factors may contribute to a reduction in severity of cold or flu infection 

observed in the yogurt only treatment group. We did not observe a similar 

effect of BB-12 added in yogurt smoothies post-fermentation on severity of 

cold of flu infection in participants, indicating that the beneficial effect of yogurt 

smoothies alone is counteracted after BB-12 is added to the yogurt smoothies 

post-fermentation. The lack of response in the post-fermentation group may 

be due to the lack of effect of this treatment on the function of T cells and NK 

cells. Overall, we observed that consumption of yogurt smoothies alone; 

yogurt smoothies with BB-12 added pre-fermentation; and BB-12 in capsule 

form significantly reduced severity of cold or flu infection, concurrently had 

elevated T cell and NK cell function in our participants. In contrast, 

participants who consumed yogurt smoothies with BB-12 added post-

fermentation did not alter the severity of cold or flu infection, or T cell and NK 

cell activities. Our results suggest that BB-12 induced alterations in severity of 

cold or flu infection are associated with changes in T cell and NK cell function.  
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Overall, we observed beneficial effects of yogurt smoothies alone, 

yogurt smoothies with BB-12 added post-fermentation, and BB-12 capsule on 

T cells and NK cell function and severity of cold or flu infection. Yogurt has 

numerous health claims, including immunomodulatory properties, due to its 

rich in various nutrients (e.g. peptides, free amino acids, free fatty acids, folic 

acid, and calcium) and bioactive compounds (e.g. casein) (180). Yogurt can 

also support the growth, survival and activity of BB-12 until consumption, and 

provide adequate nutrients, acidic environment and buffering system to 

support the survival of BB-12 while passing through the human GI tract (125, 

126, 180). Thus, yogurt can influence the efficacy of BB-12 by modifying the 

probiotic effect of BB-12 in the intestine (22, 125, 126). However, these 

beneficial effects may be dependent on the timing of addition of the BB-12 to 

the yogurt cultures, as observed no effect of BB-12 delivered in yogurt 

smoothies post-fermentation on T cells and NK cell function and cold or flu 

infection. BB-12 may produce different metabolites when it is added before or 

after the yogurt fermentation process, which may influence the efficacy and 

probiotic activity of BB-12 and may be altering the immune response and 

infectious outcomes. Furthermore, our results suggest that the probiotic effect 

of BB-12 may be influenced by the timing of its addition during the yogurt 

manufacturing process and warrants further study.   

In summary, we demonstrated that participants who consumed yogurt 

smoothies alone, yogurt smoothies with BB-12 added pre-fermentation or BB-

12 in capsule form had an elevation in IL-2 and TNF-α secretion from T cells 

and elevated NK cell cytotoxicity. In contrast, consumption of BB-12 delivered 

in yogurt smoothies post-fermentation had no change in secretion of TNF-α 
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and IL-2 in response to anti-CD3 stimulation and no change in NKCC. We 

also found that HLA-DR expression on blood-derived monocytes was reduced 

following receiving yogurt smoothies with BB-12 added post-fermentation, 

which may contribute to the lack of effect on T cell cytokine secretion and 

NKCC. Lastly, we observed that consumption of yogurt smoothies alone; 

yogurt smoothies with BB-12 added pre-fermentation or BB-12 in capsule 

form significantly reduced self-reported total number of days with cold or flu 

symptoms in young healthy adults. However, consumption of yogurt 

smoothies with BB-12 added post-fermentation did not alter the severity of 

cold or flu infection. The URTI severity scores correspond to the 

aforementioned changes in NK and T cell function among treatment groups. 

Furthermore, these findings indicate that the timing of its addition to yogurt in 

relation to the fermentation process influenced the impact of BB-12 on the 

activity of T cells and NK cells and cold or flu severity in young healthy adults. 

Future studies will focus on understanding the mechanisms underlying BB-12 

induced immunomodulation, and its relationship with infection-related 

outcomes.  
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Supplemental Statistical Analyses 

An exponential decay model was constructed to determine if there was 

a carryover effect of BB-12 among different treatments. We assumed the 

probiotic treatment effect decayed exponentially in vivo after participants 

stopped receiving a given treatment. Following each treatment period, the 

total probiotic effect was calculated by adding the effect of treatment 

administered during the current treatment period (αcurrent), to the residual effect 

of the treatment administered during the previous treatment period (αprevious). 

The probiotic effect at the end of the first treatment period was only the effect 

of the treatment administered during period one. A dummy variable “decay 

proportion” (c) was created and defined as the percentage of residual effect of 

the treatment administered during the previous treatment period. The 

proportion of previous treatment that had already decayed during washout 

and current treatment period was 1-c. The equation describing the 

exponential decay model was y=β0+β1*x1+β2*x2+β3*x3+β4*x4+ 

αcurrent+c*αprevious+ε. In the model, y was the immune endpoint of our study; x1-

x4 were covariates, including age, gender, BMI, and PA of participants; β0 was 

the intercept of the regression line; β1 to β4 were slope of regression line for 

covariates x1-x4, respectively. The model was fitted with c equal to 0, 10%, 

20%, and up to 90%, and R2 was recorded with each choice of c. The percent 

change in R2 when c = 10%, 20% up to 90% relative to the R2 when c = 0 was 

calculated. If the percentage change between the two was less than 10%, we 

surmised that R2 when c = 10%, 20% up to 90% was not different from R2 

when c = 0, indicating that the model when c=0 was the closest to the true 

model. When c=0, 100% of the previous treatment effect has decayed, and 
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we concluded that there were no carryover effect from the previous treatment. 

All immune endpoints in this study were tested for a carryover effect using the 

exponential decay model, and no carryover effect of treatments on any 

immune endpoint was observed. 
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CHAPTER 6  

SUMMARY AND FUTURE DIRECTIONS 

The studies in this dissertation were designed to explore the 

immunomodulatory property of BB-12, delivered in yogurt smoothies (pre- or 

post-fermentation) or in capsule form, in young healthy adults. Specifically, these 

studies investigated the effect of BB-12 consumption on the distribution, 

phenotypic marker expression and pro-inflammatory cytokine secretion from 

peripheral blood derived monocytes and dendritic cells. These studies also 

investigated the effect of BB-12 consumption on the distribution and function of T 

cells and NK cells and impact on self-reported incidence and severity of cold or 

flu infection in humans. Prior to analyzing the data from this clinical trial, we 

investigated what dietary and lifestyle variables contributed to the inter-subject 

variability in immune responses. This chapter briefly summarizes the main 

findings and identifies future directions for research.   

The goals of study 1 were to determine which endogenous and 

exogenous host factors contribute to the heterogeneity in innate and adaptive 

immune responses and cold or flu status among healthy participants; and if these 

host factors also confound the relationship between phenotypic marker 

expression, immune function, and cold or flu status by using baseline data of our 

clinical trial. These questions are important because the heterogeneity in both 

innate and adaptive immune responses that we observed among healthy adults 

results in large inter-subject variability, and makes it challenging to evaluate the 

effect of dietary interventions, like probiotic consumption on immune function 
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(131, 133). This included anti-CD3 induced T cell proliferation and secretion of IL-

2 and IFN-γ, and LPS stimulated TNF-α and IL-6 secretion from PBMCs. We also 

quantified dietary intake (via 3-day dietary recall records), physical activity level 

(via IPAQ questionnaire), and the incidence and severity of cold or flu symptoms 

(via self-reported upper respiratory tract infection [URTI] questionnaires) in our 

participants.  

We demonstrated that host-related factors (including age, BMI, physical 

activity, and daily intake of total calories and various dietary components) 

contributed significantly to heterogeneity in T cell effector function, and cold or flu 

status, and confounded the associations between activation marker expression 

on T cells and T cell effector function. These host factors also contributed 

significantly to the associations between innate and adaptive immune response 

and incidence and severity of cold or flu infection. We also found that individual 

lifestyle and dietary variables contribute a small amount to T cell effector function 

and cold or flu status. However, combinations of these variables significantly 

improved the predictive relationship between activation marker expression and T 

cell proliferation and IL-2 secretion, and also strengthened the associations 

between IL-6 and IFN-γ secretion and the incidence and severity of cold or flu 

symptoms, respectively. These results suggest that lifestyle and dietary factors 

are important variables that collectively contribute to T cell responses and cold or 

flu status, and should be included in human clinical trials that assess immune 

endpoints. This analysis using immune data in our baseline sample has enabled us 

to understand the variability in human immune outcomes and has been insightful 
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about how to analyze the treatment effects of BB-12 consumption on immune 

outcomes in our clinical trial.   

Study 2 tested the hypothesis that consumption of BB-12 alone increased 

phenotypic marker expression (e.g. TLR-2) on peripheral blood derived 

monocytes, and secretion of pro-inflammatory cytokines (TNF-α and IL-6) in 

peripheral myeloid cells in response to in vitro challenge with heat-inactivated 

BB-12 or LPS in young healthy adults. We also proposed that BB-12 delivered in 

yogurt smoothies (either pre- or post- fermentation) had greater impact on innate 

immune responses than BB-12 in capsule form. Our results did not support our 

original hypothesis. Instead, we found that consumption of yogurt smoothies with 

BB-12 added post-fermentation significantly reduced the secretion of the 

inflammatory cytokine, TNF-α, from PBMCs in response to in vitro BB-12 and 

LPS stimulation. These finding are not only the first to demonstrate the anti-

inflammatory property of BB-12, but also suggests that the delivery matrix of BB-

12 and the timing of addition of BB-12 to the yogurt fermentation process 

influences the immunomodulatory effect of BB-12. Bifidobacterium animalis 

subsp. lactis NCC2818 reduces colonic inflammation in a murine colitis model via 

a reduction in the pro-inflammatory markers, cyclooxygenase-2 (COX-2), TNF-α, 

and IL-6 (29, 116), further confirming an anti-inflammatory effect of B. lactis. In 

humans, BB-12 has been used to treat inflammatory diseases of the intestine 

(e.g., inflammatory bowel disease, irritable bowel syndrome) with some success 

(18, 19). Therefore, the beneficial effect of BB-12 in patients with intestinal 
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inflammatory disease may be mediated via its role in reducing production of pro-

inflammatory cytokines.  

Our study also found that BB-12 binds to the cell surface receptor, toll-like 

receptor 2 (TLR-2) on human peripheral blood-derived monocytes. A previous 

study demonstrated that the cross-talk between BB-12 and rat intestinal epithelial 

cells (IECs) is mediated via TLR-2 (179). Our finding in human PBMCs is novel, 

and demonstrates that BB-12 binds to TLR-2 in both rats and humans. This 

contributes to our understanding of how BB-12 influences immune function. 

Moreover, consumption of yogurt smoothies with BB-12 added post-fermentation 

for 4 weeks significantly decreased TLR-2 expression on peripheral blood-

derived monocytes. This reduction may lessen the interaction between BB-12 

and these cells, and contribute to the reduction in TNF-α secretion observed in 

BB-12 or LPS stimulated PBMCs collected from participants following 

consumption of BB-12 delivered in yogurt smoothies post-fermentation.  

TLR-2 can signal through nuclear factor-κB (NF-κB) pathway, which is 

crucial in gene expression and production of pro-inflammatory cytokines in 

human macrophages (181). Previous studies reported that lactic acid producing 

probiotics inhibit the NF-κB pathway via stabilizing the I-κB α subunit in human 

IECs in vitro (182-184), indicating that the reduction in TNF-α secretion from BB-

12-stimulated PBMCs observed in our study may be mediated via BB-12-induced 

inhibition of NF-κB activity. In addition, pre-culture of RAW264.7 macrophages or 

human IECs with Bifidobacterium species decreases mRNA levels of TNF-α in 

response to LPS stimulation, and concurrently reduces activity of NF-kB and/or 
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increases gene expression of negative regulators of NF-κB (185, 186). These 

data suggest that the BB-12 induced reduction in TNF-α secretion from LPS-

stimulated PBMCs observed in our study may also be mediated via BB-12-

induced inhibition of NF-κB activity. Future studies are needed to investigate if 

the BB-12 induced down-regulation of TLR-2 expression on human peripheral 

blood-derived monocytes can lead to subsequent blockage of BB-12 or LPS-

induced NF-κB activity and concurrent reduction in production of pro-

inflammatory cytokines.  

Our findings in study 2 have significant clinical relevance. Future studies 

should focus on examining if consumption of yogurt smoothies with BB-12 added 

post-fermentation can be used to reduce inflammatory signals via changes in NF-

kB activation in clinical conditions of chronic inflammation, including obesity, 

cardiovascular disease or other inflammatory diseases. Additionally, clinical 

studies are needed to examine the effect of BB-12 consumption on serum 

markers of chronic inflammation, including serum high-sensitive CRP, pro-

inflammatory cytokines TNF-α and IL-6, and LPS-binding protein (marker of 

subclinical endotoxemia) (210).  

Study 3 tested the hypothesis that consumption of BB-12 alone increased 

T cell proliferation and cytokine (IFN-γ, TNF-α, and IL-2) secretion, NK cell 

cytotoxicity, and reduced URTI incidence and severity in young healthy adults. 

We also proposed that BB-12 delivered in yogurt smoothies (either pre- or post- 

fermentation) had greater effect on these immune responses and infection-

related outcomes than BB-12 in capsule form. Our hypothesis was partially 
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supported by our results, however some of our findings were unexpected. We 

found that participants who consumed yogurt smoothies alone, yogurt smoothies 

with BB-12 added pre-fermentation or BB-12 in capsule form had an elevation in 

TNF-α and a significant increase in IL-2 secretion in response to in vitro anti-CD3 

stimulation. We also found that these three treatments increased NK cell 

cytotoxicity. In contrast, consumption of yogurt smoothies with BB-12 added 

post-fermentation did not increase TNF-α and IL-2 secretion or NK cell cytotoxic 

activity. These findings suggest that the timing of addition of BB-12 to the yogurt 

fermentation process impacts the modulation of T cell and NK cell function by 

BB-12. We also found that consumption of yogurt smoothies with BB-12 added 

post-fermentation significantly reduced the expression of HLA-DR on peripheral 

blood-derived monocytes compared to other three treatments, and this reduction 

may contribute to the lack of effect of BB-12 delivered in yogurt smoothies post-

fermentation on T cell cytokine secretion in participants. Expression of HLA-DR 

on peripheral blood derived monocytes can be regulated via TLR-2 signaling 

(209). In study 2, we found that consumption of yogurt smoothies with BB-12 

added post-fermentation reduced expression of TLR-2 on peripheral blood-

derived monocytes, which may contribute to the decreased HLA-DR expression 

on these cells.  

We also found that alterations in T cell and NK cell function are associated 

with the severity of URTI. Consumption of yogurt smoothies alone, yogurt 

smoothies with BB-12 added pre-fermentation, and BB-12 capsule reduced self-

reported total number of days with cold or flu symptoms (by 2-3 days) in young 
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healthy adults, concurrently with elevations in T cell and NK cell function. 

However, consumption of yogurt smoothies with BB-12 added post-fermentation 

did not alter the severity of cold or flu infection. The lack of a beneficial effect of 

consuming yogurt smoothies with BB-12 added post-fermentation on cold or flu 

severity may be due to the lack of effect of this treatment on T cell and NK cell 

function. To further explore if alterations in URTI severity is mediated by BB-12 

induced changes in T cell and NK cell function, future studies could utilize a 

murine influenza model to test this hypothesis. Mice could be given oral 

administration of yogurt alone; yogurt with BB-12 added pre- or post-

fermentation; or BB-12 pellet, and receive an intranasal challenge with influenza 

virus. Survival rate, influenza virus titer in the lungs, and immune responses 

(including NK cell cytotoxicity and influenza virus-specific T cell proliferation and 

cytokine secretion) could be measured to determine if yogurt alone, yogurt with 

BB-12 added pre-fermentation and BB-12 pellet reduces survival rate and virus 

titer by enhancing NK cell and T cell activity.  

In both study 2 and 3, we found that consumption yogurt smoothies with 

BB-12 added post-fermentation reduced TNF-α secretion from either BB-12 or 

LPS stimulated peripheral myeloid cells or anti-CD3 stimulated T cells. Thus, BB-

12 when added to yogurt post-fermentation may induce specific signaling 

pathways that regulate TNF-α secretion in myeloid cells and T cells. In study 2, 

we reported that the reduction in TNF-α secretion from BB-12 or LPS stimulated 

myeloid cells may be associated with a reduction in expression of TLR-2 on 

peripheral blood-derived monocytes in participants who consumed yogurt 
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smoothie with BB-12 added post-fermentation. Data from previous studies 

suggest that the NF-κB pathway may mediate this association (182-186). T cell 

receptor and co-stimulatory signaling-induced upregulation of the NF-κB pathway 

also plays an important role in TNF-α secretion from T cells (197). Therefore, 

future studies are needed to investigate the effect of BB-12 on NF-κB pathways 

in human T cells, and determine if the inhibition of NF-κB activity may explain the 

reduction in TNF-α secretion following consumption of yogurt smoothies with BB-

12 added post-fermentation. 

 In addition, two other mechanisms may be contributing to the distinct 

changes in immunity and infection outcomes that we observed when BB-12 

added to yogurt post-fermentation. We assessed the viability of BB-12 in yogurt 

smoothies in both pre- and post-fermentation group before consumption, and did 

not observe significant difference (data not shown). However, it is not known if 

different delivery matrices alter the viability of BB-12 in the intestine following 

consumption. When BB-12 was added before the fermentation process, the 

stress and harsh conditions may improve the ability of BB-12 to adapt to acidic 

environment (211), which may allow BB-12 to survive better during passing 

through GI tract. In contrast, BB-12 may not experience similar adaptations when 

added post-fermentation. Thus, future studies could evaluate the viability of BB-

12 following consumption by investigating the levels of BB-12 DNA or recovery of 

live BB-12 in human fecal samples. This will enable us to determine if the lack of 

effect on T cell and NK cell function by yogurt smoothies with BB-12 added post-

fermentation is due to low BB-12 viability in the intestine of participants. 
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Moreover, BB-12 may induce immunological responses via exposure to bacterial 

cell wall components. The major components of BB-12 cell walls include 

peptidoglycans (PGN) and lipoteichoic acid (LTA), which have 

immunostimulatory properties (74, 212). Large differences in the composition of 

cell wall components exist from one bacterial species to another in both probiotic 

and pathogenic bacteria (74, 212, 213). These differences may be recognized or 

sensed by TLRs on immune cells, and thus lead to different immunological 

consequences (74, 212, 213). One animal study reported that colonizing wild-

type C57BL/6 mice with B. breve UCC2003 in the presence or absence of 

exopolysaccharide (EPS) expression on cell wall of the strain generated different 

B cell responses (214). However, no data exists on the cell wall composition of 

BB-12 and immunomodulatory effects of these components. The effect of 

delivery matrix on cell wall components of BB-12 is also not clear. Therefore, in 

future studies PBMCs can be challenged with cell wall extracts from BB-12 

isolated from different matrices to explore if the matrix of BB-12 alters its cell wall 

composition and immunomodulatory properties. 
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Figure 6.1. Mechanisms underlying BB-12 induced alteration in innate and adaptive immune responses.  
1) Consumption of BB-12 delivered in yogurt smoothie post-fermentation reduces TLR-2 expression on human peripheral 
blood-derived monocytes. 2) BB-12 may inhibit the activity of NFκB downstream of TLR-2. 3) BB-12 may inhibit the 
activity of NFκB downstream of TLR-4. 4) Consumption of BB-12 delivered in yogurt smoothie post-fermentation reduces 
HLA-DR expression on human peripheral blood-derived monocytes. I) Signal I of T cell activation: interaction between T 
cell receptor and HLA-DR. Consumption of BB-12 delivered in yogurt smoothie post-fermentation may reduce Signal I via 
reduction in HLA-DR expression on peripheral blood-derived monocytes. II) Signal II of T cell activation: interaction 
between CD28 and co-stimulatory molecules (B7.1 and B7.2). Consumption of BB-12 delivered in yogurt smoothie post-
fermentation may reduce Signal II via reduction in expression of co-stimulatory molecules on peripheral blood-derived 
monocytes. III) Signal III of T cell activation: interaction between IL-2 and IL-2 receptor. Consumption of BB-12 delivered 
in yogurt smoothie post-fermentation may reduce Signal III via reduction in both Signal I and II, and inhibition of NFκB 
downstream of Signal I and II. 
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Results from both study 2 and 3 demonstrate that oral consumption of BB-

12 altered function of peripheral immune cells in participants. Although the cross-

talk between ingested BB-12 and the systemic immune system is unclear, 

several hypotheses linking BB-12 and the gut-associated lymphoid tissues 

(GALT) can be generated based on previous studies (Figure 6.2). Following 

consumption, BB-12 travels through the GI tract and arrives in the intestinal 

lumen, where it may interact with GALT. DCs in the lamina propria may sample 

BB-12 by passing the dendrites between IECs. BB-12 may enter intestinal 

epithelium by transcytosis via microfold cells (M cells), gain access to the Peyer’s 

patches, and interact with DCs or macrophages in the Peyer’s patches. BB-12 

antigens may also translocate between IECs, and interact with DCs or 

macrophages in the lamina propria. In the Peyer’s patches, antigen-loaded 

myeloid cells may present BB-12 antigens to T cells, and may induce the 

activation of T cells. Activated T cells may then enter mesenteric lymph nodes 

(MLNs) via draining lymph, and join the blood circulation or lymphatic systems. 

Antigen-loaded myeloid cells in the Peyer’s patches or lamina propria may gain 

direct access to MLNs via draining lymph. In the MLNs, myeloid cells can either 

present BB-12 antigens to T cells, or they may disseminate throughout the 

peripheral immune system via bloodstream or lymphatic systems. We then can 

capture and detect myeloid cells that have interacted with ingested BB-12 in the 

peripheral blood. Future studies are needed to explore the interactions between 

ingested BB-12 and immune cells in GALT using fluorescence-labeled BB-12 in 
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animal models to better understand how BB-12 influences systemic immune 

function.
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Figure 6.2. Mechanisms underlying how BB-12 influences peripheral immune cells.  
BB-12 may influence systemic immune function via its interaction with gut-associated lymphoid tissues (GALT). Following 
consumption, BB-12 travels through GI tract and arrives in the intestinal lumen, where it may interact with GALT. 1) DCs 
in the lamina propria may sample BB-12 by passing the dendrites between IECs. 2) BB-12 may enter intestinal epithelium 
by transcytosis via microfold cells (M cells), gain access to the Peyer’s patches, and interact with DCs or macrophages in 
the Peyer’s patches. 3) BB-12 antigens may translocate between IECs, and interact with DCs or macrophages in the 
lamina propria. 
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Collectively, both study 2 and 3 demonstrated an anti-inflammatory 

property of BB-12 via reducing pro-inflammatory cytokine (TNF-α) secretion from 

peripheral myeloid cells and T cells in healthy adults. In addition, other in vivo 

and in vitro studies also shed light on the anti-inflammatory effect of BB-12 

(Figure 6.3). In the intestinal lumen, BB-12 has been shown to interact with IECs 

and inhibit pathogenic microorganisms by various mechanisms, including 

production of pathogen-killing metabolites (9, 187); improvement in tight junction 

strength between IECs (189); competition with pathogenic bacteria for adhesion 

sites to human intestinal mucin and IECs (190); and/or modulation of gut 

microbiota composition by increasing the ratio of beneficial to pathogenic 

microorganisms (191-193). However, no clinical trial has examined if the delivery 

matrix and timing of addition of BB-12 in yogurt fermentation process alters these 

mechanisms in vivo in humans.  

To explore the mechanisms underlying the anti-inflammatory effect of 

yogurt smoothies with BB-12 added post-fermentation, future studies could 

assess if BB-12, added to yogurt smoothies post-fermentation produces more 

metabolites (e.g. acetate, lactate, butyrate) that may inhibit pathogens than a BB-

12 added to yogurt smoothies pre-fermentation and BB-12 in capsule form. 

These metabolites could be measured in in vitro cell culture supernatants or in 

fecal samples of human subjects via metabolomics (215). Serum levels of 

metabolites could also be measured to determine if BB-12 metabolites gain direct 

access to peripheral blood and interact with PBMCs; and if their levels are 

elevated in serum when BB-12 is added to yogurt post-fermentation. Additionally, 
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it would be interesting to determine if BB-12 and its delivery matrix altered the 

ability of IECs to produce antimicrobial peptides, such as β-defensin, in vitro and 

in vivo. BB-12 could be co-cultured with human IEC cell lines, and levels of 

antimicrobial peptides in culture supernatants could be quantified. Antimicrobial 

peptides in fecal samples of human subjects following consumption of BB-12 

delivered in different matrices could also be quantified.  

Futures studies could also determine if BB-12 delivered in yogurt 

smoothies added post-fermentation improve gut barrier function in humans by 

using the ratio of lactulose to mannitol excretion as a marker for gut permeability 

(216, 217).  The ability of BB-12 to adhere to mucin and IECs has been reported 

previously (190); however, it is not clear if BB-12 delivered in different matrices 

alters this feature. Thus, in vitro co-culture of BB-12 in different delivery matrices 

(pre- or post-fermentation, and capsule) with human IEC cell lines or mucin 

isolated from human fecal samples could be evaluated to determine the adhesion 

capacity of BB-12.  

Lastly, we need to assess the effect of BB-12 delivered in different 

matrices on gut microbiota composition, and determine if BB-12 delivered in 

yogurt smoothies post-fermentation can alter the ratio of beneficial to harmful 

bacteria in human intestine. Specifically, the number of beneficial bacteria, 

including Bifidobacterium, Lactobacillus, and Enterococci, and harmful bacteria, 

including Enterobacteriaceae and Clostridia, can be examined in human fecal 

samples. 
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Combined, the results from our clinical trial demonstrate that consumption 

of 109-1010 cfu/d of BB-12 for 4 weeks was effective in modulating both innate 

and adaptive immune function in young adults. Specifically, we disproved our 

original hypothesis that consumption of BB-12 would increase secretion of pro-

inflammatory cytokines (TNF-α and IL-6) from heat-inactivated BB-12 or 

lipopolysacchride (LPS) stimulated PBMCs, and alter expression of HLA-DR and 

Toll-like receptor 2 on peripheral blood-derived monocytes. Instead, we found 

that BB-12 interacted with peripheral myeloid cells via TLR-2. Participants who 

consumed yogurt smoothies with BB-12 added post fermentation had 

significantly lower expression of TLR-2 on CD14+HLA-DR+ cells and reduction in 

TNF-α secretion from BB-12 or LPS stimulated PBMCs compared to baseline.  

We also supported our second hypothesis that BB-12 would increase T cell and 

NK cell effector function, and concurrently reduce incidence and severity of cold 

or flu infection. Specifically, we found that participants who consumed yogurt 

smoothies alone, yogurt smoothies with BB-12 added pre-fermentation or BB-12 

in capsule form had elevated IL-2 secretion and NK cell cytotoxicity, concurrently 

with fewer number of days with URTI. However, consumption of yogurt 

smoothies with BB-12 added post-fermentation did not change T cell and NK cell 

function; and did not alter severity of URTI. Thus, the results from this clinical trial 

also demonstrate that the delivery matrix of BB-12 (e.g. yogurt smoothies vs. 

capsule) and timing of BB-12 addition to yogurt influenced the effect of BB-12 on 

immune response, and had impact on inflammation and infection-related 
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outcomes. Thus, these variables need to be considered, and controlled for in 

subsequent studies using BB-12. 



 

 

170 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Mechanisms underlying the anti-inflammatory effect of BB-12.  
In the intestinal lumen, BB-12 has been shown to interact with IECs and inhibit pathogenic microorganisms by various mechanisms.  
1) BB-12 can product metabolites, such as acetate and hydrogen peroxide, and directly inhibit the growths of pathogenic 
microorganisms; 2) BB-12 may stimulate Paneth cells to produce antimicrobial peptides, which can kill pathogens; 3) BB-12 can 
improve tight junction strength between IECs, and prevents LPS from passing through between IECs; 4) BB-12 can adhere to 
intestinal mucin in a greater rate than pathogenic bacteria, and prevents the adhesion or interaction of pathogenic bacteria with 
IECs. 



 

 

171 

APPENDIX 

Sample size estimation 
 

Sample size calculation for crossover study:  
 
With a significance of α = 0.05 and power β = 0.20, (Z1-α/2 + Z1-β) 

2 = 
(1.96+0.84) 2=7.84 

= within subject variance for BB-12 group (yogurt smoothie with BB-12 

added post-fermentation) and control group (baseline). 

Δ= magnitude of the difference in endpoints between BB-12 group and control 
group. 

Sample size estimation for Chapter 4 

The primary immune endpoints used to estimate sample size for the 

study in Chapter 4 were cytokine secretion (TNF-α and IL-6) from our pilot 

study and published clinical trials assessing cytokine secretion from LPS-

stimulated PBMCs in healthy adults who consumed BB-12 or other B. lactis 

subspecies (20, 61). These endpoints were chosen because previous reports 

demonstrate modest changes in the magnitude of the cytokine response upon 

stimulation with various B. lactis and high variance. Using the sample size 

calculation for crossover study, it was determined that the estimated sample 

size required to identify a mean difference of 30% in TNF-α and IL-6 secretion 

from LPS-stimulated PBMCs with α = 0.05 and β = 80% was 19 and 22, 

respectively. We estimated a high dropout rate (40%) due to the length of the 

study, and the final sample size was 36. However, 6 participants dropped out 

of the study before intervention phase, and 30 participants completed at least 

one allocated interventions. Based on the aforementioned calculations, a 

sample size of 30 was adequate to observe a treatment effect. 

Detailed calculations:  




d

2
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1. Sample size calculation based on TNF-α secretion from LPS-stimulated 

PBMCs measured in healthy adults. 

Three randomized clinical trials (including our study) have 

investigated the effect of B. lactis (BB-12 or B. lactis CUL34) on TNF-α 

secretion from LPS-stimulated PBMCs in healthy adults (20, 61). 

Combined, 20-30% change was observed in these studies. Thus, we 

expect to see a 30% reduction in TNF-α secretion from LPS-stimulated 

PBMCs in healthy adults who consume yogurt smoothies with BB-12 

added post-fermentation. 

Δ=30% * mean TNF-α secretion at baseline =30% * 1.22 (ng/ml)=0.366 

(ng/ml) 

σ2=σBL
2+σPOST

2=0.16+0.16=0.32 

n=7.84*0.32/(0.366)2=18.7≈19 

2. Sample size calculation based on IL-6 secretion from LPS-stimulated 

PBMCs measured in healthy adults. 

Three randomized clinical trials (including our study) have 

investigated the effect of B. lactis (BB-12 or B. lactis CUL34) on IL-6 

secretion from LPS-stimulated PBMCs in healthy adults (20, 61). 

Combined, 0-60% change was observed in these studies. We choose the 

mean of percent reduction observed in previous studies, and expect to see 

a 30% reduction in IL-6 secretion from LPS-stimulated PBMCs in healthy 

adults who consume yogurt smoothies with BB-12 added post-

fermentation. 

Δ=30% * mean IL-6 secretion at baseline =30% * 15.26 (ng/ml)=4.578 

(ng/ml) 
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σ2=σBL
2+σPOST

2=18.09+37.78=56.87 

n=7.84*56.87/(4.578)2=21.3≈22 

Sample size calculation for Chapter 5 

The primary immune endpoint used to estimate sample size for the 

study in Chapter 5 was self-reported total number of days with cold or flu 

symptoms from our pilot study and published clinical trials assessing the 

effect of BB-12 consumption on cold or flu severity in healthy adults (117). 

Using the sample size calculation for crossover study, it was determined that 

the estimated sample size required to identify a mean difference of 60% in 

total number of days with cold or flu symptoms with α = 0.05 and β = 80% 

was 39. The dropout rate in our pilot study was 15%. If we estimate a dropout 

rate of 15%, the final sample size was 52. However, only 36 participants were 

recruited in the study, and 30 participants completed at least one allocated 

interventions. Thus, the assessment of the effect of BB-12 consumption on 

total number of days with cold or flu symptoms was underpowered. 

Detailed calculations: 

3. Sample size calculation based on self-reported total number of days with 

cold or flu symptoms in healthy adults. 

Two randomized clinical trials (including our study) have 

investigated the effect of BB-12 on total number of days with cold or flu 

symptoms in healthy adults (117). Combined, 40-70% reduction was 

observed in these studies. We expect to see a 60% reduction in total 

number of days with cold or flu symptoms in healthy adults who consume 

yogurt smoothies with BB-12 added post-fermentation. 
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Δ=60% * mean of total number of days with cold or flu symptoms=60% * 
3.87 =2.268 

σ2=σBL
2+σPOST

2=13.07+12.03=25.1 

n=7.84*25.1/(2.268)2=38.3≈39 
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