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1 ABSTRACT 

 

The human body is densely populated by complex bacterial communities, which are 

called microbiota. Since microbiota has an important role in the physiology of the host, 

there is an increasing interest in the use of probiotic bacteria to ensure the well-being 

of the person. The intestinal microbiota, among its various functions, stimulates and 

influences host’s immune system, through diverse and complex mechanisms. Recently 

it is emerging the ability of gut microbes to induce DNA epigenetic modifications, such 

as DNA methylation and histones modification that can deeply influence gene 

expression and cellular phenotype. While the benefits of probiotics are well known, an 

objective method to evaluate their actual effects is still missing. This project aims to 

identify the epigenetic modifications caused by probiotic supplementation and identify 

markers in circulating immune cells to be used to objectively evaluate their efficacy. 

Experiments were conducted using a probiotic with established immuno-modulatory 

properties, Bifidobacterium animalis ssp lactis HN019, and a probiotic strain devoid of 

significative effects on immune system, Lactobacillus rhamnosus. We decided to 

investigate the impact on DNA methylation in mucosal dendritic cells (DCs) since these 

cells are strategic in immune response development. By performing a whole genome 

analysis (RRBS) oral supplementation with Bifidobacterium animalis ssp lactis HN019 

caused a significative modification in cytosine methylation profile in mucosal DCs. RRBS 

data highlighted that B. animalis HN019 oral supplementation significantly impacts on 

DNA cytosines methylation, affecting the methylation of at least 3000 individual 

cytosines, and 707 cytosine-rich regions present on promoters or genes. Moreover, 152 

analyzed regions resulted more methylated, while 555 regions resulted less methylated 

compared to control mice group. By bioinformatic analysis we selected the promotorial 

area of genes and identified a cluster of promoters with modified methylation level 

belonging to the immune responses.  Since the methylation level of CpG islands in gene 

promoters can modify gene’s transcription rate, we quantified by qRT-PCR the specific 

mRNA and quantified the methylation status of these promoter by bisulfite DNA 

conversion and sequencing. We observed augmented mRNA levels of zbtb33, while 

mRNA sec14l and tspan6 were reduced, in agreement with the reduced methylation of 

zbtb33 and the increase in cytosines methylation of sec14l promoters. These data were 
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confirmed at protein level by FACS analysis of mucosal DCs showing increased CD80+ 

Tspan6+ and CD80+ Kaiso+ cells and reduced CD80+ Sec14l+, in mice supplemented with 

Bifidobacterium animalis ssp lactis HN019 but not with Lactobacillus rhamnosus. On 

circulating DCs we detected a 15% increase only in CD11c+ CD80+ Tspan6+ in mice 

supplemented with Bifidobacterium animalis ssp lactis HN019 but not with Lactobacillus 

rhamnosus.  

We attempted to extend our findings to human mucosal DCs cells using an in vitro 

reductionist system, co-culturing epithelial cells, probiotic and monocyte-derived DCs. 

In this system, we confirmed that exposure of epithelial cells to B. animalis HN019 

increase number of CD80+ Sec14l,  CD80+ Tspan6+ and CD80+ Kaiso+ cells.  

In conclusion, we report for the first time that the administration of B. animalis HN019 

is able to induce appreciable epigenetic modification on a specific and relevant immune 

cells such as DCs resulting in appreciable variations in both gene expression and cellular 

phenotype. These findings can be used as a basis for further study the impact of 

probiotics on host’ epigenetic to better understand their mechanisms of action. Further 

analysis on subset of circulating DCs are required to identify the more suited 

subpopulation representing gut-derived mucosal DCs carrying epigenetic/phenotypic 

trait induced by probiotics. 
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2  INTRODUCTION 

2.1 MICROBIOTA 

Hippocrates, the father of the modern medicine, was the first to guess the homeostatic 

functions of the gut stating that “all disease begins in the gut”1. This extraordinary 

supposition is nowadays supported by a growing body of evidences2. Human body hosts 

a large bacterial population3, including more than a thousand different bacterial species 

and about 10^¹⁴ microbial cells. This community is known as microbiota and includes 

both aerobic and anaerobic bacteria. Microbiota contributes to the maintenance of the 

host’s state of health and is acknowledged as an active element of host’s 

physiology4,5.The gut microbiota is concerned as the most densely populated and 

diverse microbial consortium. This bacterial community has always been in continuous 

evolution together with the host to establish an intricate and mutually beneficial 

relationship6. In fact, this cohort of microorganisms holds functional features that are 

not predefined in humans1.  

The intestinal microbiota is the most heterogeneous bacterial community in the human 

body, with more than 1000 different bacterial species7 mainly belonging to Firmicutes, 

Bacteroidetes, Actinobacteria, and Proteobacteria phyla. These four microbial phyla 

account for 98% of the microbiota8. In addition, archaea, protozoa, viruses, and fungi 

are present9. The proportions between individuals can vary enormously, both between 

these 4 phyla, and between species.  

Colonization of the body and formation of the microbiota begins when, during birth, the 

child comes into contact with the bacterial flora of the urogenital tract of the mother6. 

After birth, environmental and mother’s microorganisms colonize the skin, and the 

mucosae including the intestinal tract of the baby. During the first weeks of life, lactation 

contributes to the development of the microbiota increasing its diversity and 

complexity10.  

The microbiota composition is influenced by many factors such as: the type of diet, the 

body temperature, the use of drugs, the quantity of ingested food and other 

physiological characteristics; any changes that will occur during the life of the individual 

may vary the composition of the microbiota. 
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The whole gastro-intestinal tract is colonized by specific bacteria, according to local 

environmental conditions; but most of them are in the colon, as more upstream bile and 

gastric secretions are toxic and make the environment less suited to bacterial 

proliferation11. Microbial richness, intended as high bacterial diversity, is usually 

considered an indicator of a healthy status and makes the host less prone to a number 

of diseases. 

The gut microbiota (GM) concurs to bowel health by avoiding growth of harmful 

pathogenic bacteria, supporting development and function of the host immune 

system5,12. GM plays a key role in metabolism of dietary constituents handling the 

breakdown of indigestible substances, and producing diet-dependent, low-molecular-

weight compounds such as vitamins and SCFA which influence genes expression in a 

variety of host cells, either directly or indirectly through epigenetic modifications13. This 

microbiota-health relationship has raised a growing interest for the possibility to 

positively influence human health through the manipulation of GM eventually through 

the administration of living bacteria (probiotics)14,15.  

2.1.1 THE GASTROINTESTINAL ECOSYSTEM  

The gastrointestinal tract is a complex ecosystem that plays important role in numerous 

physiologic functions including interactions with the environment, such as digestion and 

absorption of nutrients as well as interaction with luminal microbes. The mucosal 

surface area increases by: circular folding which contributes to about a 3-fold increase, 

the presence of villi, for a 7- to 10-fold increase, and by the formation of intestinal 

microvilli, which results in a 15- to 40-fold increase16. Bacteria are present in different 

quantities throughout the GIT, ranging from 101-103 cfu/mL in the stomach contents; 

107 cfu/mL in the jejunum, up to 109 cfu/g in the terminal ileum and approximately 5 × 

1011 cfu/g in the distal colon contents17. 

2.1.2 IMMUNE FUNCTION 

As mentioned above, the microbiota plays a fundamental role for the maturation of the 

immune system.  

The function of intestinal bacteria in the development of the immune system has been 

clearly demonstrated in animal models. Germ-free mice are characterized by atrophy of 

Peyer patches, immature mesenteric lymph nodes, a reduced number of lymphoid 
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follicles, decrease of antimicrobial peptides, mucosal IgA and of B cells, T cells and 

dendritic cells. As a result, germ-free animals are more susceptible to infections caused 

by bacterial and viral pathogens18.  

Replenishing with bacteria belonging to the natural microbiota, germ-free animals, the 

production of IgA resumes and persists even after the disappearance of bacteria from 

the intestine, suggesting that B cells producing IgA retain a memory following microbial 

exposure19.  

Regulatory T cells play a key role in defining immunological tolerance20. In particular, 

Foxp3+ T regulatory cells (Treg) deal with both peripheral and mucosal homeostasis, and 

can occur both in the thymus and gastrointestinal tract as differentiated cells21. 

Experiments on animal models have revealed that the peripheral induction of Treg 

Foxp3+ cells starts from the gut-associated Lymphoid tissue (GALT)22. 

Intestinal microbiota produces short chain fatty acids (SCFAs), end products of anaerobic 

bacterial fermentation, with an anti-inflammatory effect on immune cells for example 

reducing expression of pro-inflammatory cytokines such as IL-6 or IL-12 in dendritic cells 

and macrophages. In addition, SCFAs, in particular butyrate, can influences DCs, in mice 

models, to promote the differentiation and expansion of Tregs.  SCFAs  can  additionally  

operate  on  T  cells  directly,  resulting  in  reduced  proliferation  and  polarization 

toward a regulatory phenotype23. 

2.2 PROBIOTICS 

Nobody knows exactly when man began to eat fermented food but every civilization has 

developed food fermentation. It could be considered that when farming replaced 

hunting and gathering (about 10000 years ago) man discovered fermented food. 

Sumerians were the first population to settle down and began to breed animals and 

consuming milk; on some clay tables is reported, by a farmer, excellent production of 

milk, butter and cheese from his herd of cattle. Ancient Indian Ayurvedic manuscript 

report that the use of milk and dairy products in diet is associated with a long healthy 

life. Fermented yak milk was traditionally used by tibetan nomad populations to 

preserve milk in their long travels24. Evidence for the production of a fermented 

beverage was found in Neolithic village of Jiahu in China (about 7000 BC). Egyptians, 

Greeks, and Romans used fermented milk products. Hippocrates, in the IV century, 
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supported the nutritional value of cheese which was given to Olympic athletes25. In 20th 

century Metchnikoff, a Russian zoologist best known for his pioneering research in 

immunology, observed benefit for health of fermented milk and its active ingredient, 

bacteria; this led him to suggest that it could be beneficial enriching the normal 

intestinal flora with bacteria such as lactic ones. 

The word probiotic, derive from the Latin Pro- and the Greek βιοσ and literally means 

“for life”, was first coined in 1953 by the german scientist Werner Kollath, who defined 

probiotics as the “active substances that are essential for a healthy development of 

life”26. The Food and Agriculture Organization of the United Nations (FAO) and the World 

Health Organization (WHO) proposed during a consultation a modern probiotics’ 

definition as “Live microorganisms which when administered in adequate amounts 

confer a health benefit on the host.”27 This definition reflects the fact that probiotic 

remedies have been, or are being, targeted at not only the gut but also to the oral cavity, 

nasopharynx, stomach, vagina, bladder and skin.  

Probiotics include a large category of microbes, which contribute to maintain, restore or 

improve the wellness of users. 

Many probiotics are derived from the commensal microbiota of healthy human gut; 

their properties mimic those of the homeostatic effects of the intact microbiota. The 

most known and commonly probiotics used are microbes belonging to Lactobacillus, 

Bifidobacterium and Bacilli genera, Escherichia coli Nissle 1917, Enterococcus faecium L3 

and Streptococcus thermophilus. Also Saccharomyces boulardiae, although is a fungus, 

is used as probiotic28. 

2.2.1 MOST COMMONLY USED PROBIOTICS 

The most known and common probiotics used are: 

• Bifidobacteria are one of the most diffuse bacteria in the environment and they 

are a common resident of animals’ gut, including humans. They represent up to 

25% of fecal bacteria in adults and 80% in infants indeed they are the first 

colonizers of the newborn gut microbiota. They are associated to positive effects 

in human gastrointestinal health improving lactose digestion, preventing or 

reducing diarrhoea and decreasing symptoms of irritable bowel syndrome29. 

Some common species are represented by  

- B. longum 
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- B. bifidum 

- B. animalis 

- B. breve 

• Lactobacillus are commensal bacteria in the gut and have been used for a long 

time in food processing due to their ability to produce lactic acid. The production 

of lactic acid and other metabolites has been linked to Lactobacilli’s positive 

health effects. Among lactoballi species positive effects, are enumerated, 

improved digestion of lactose and reduced risk to develop the antibiotic-

associated diarrhoea. Moreover, supplementation of these bacteria prevent or 

improve eczema in children, favour a lower cholesterol level and stimulate 

weight loss in people with obesity30. Some widespread species include: 

- L. acidophilus 

- L. plantarum 

- L. rhamnosus 

- L. reuteri 

- L. casei 

- L. delbrueckii subsp. Bulgaricus 

- L. gasseri 

- L. fermentum 

- L. johnsonii 

- L. paracasei 

- L. salivarius 

• Bacillus genus, also known as spore-forming probiotics, at first were explored for 

the production and storage of food. Bacilli can produce a large number of 

proteins, enzymes, antimicrobial compounds, carotenoids and vitamins. 

Moreover, they generate great interest due to their tolerance and survivability 

under difficult environment of gastrointestinal tract31. The common species of 

bacilli include: 

- B. subtilis 

- B. clausii 

- B. coagulans 
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2.2.2 CRITERIA FOR PROBIOTICS SELECTION  

Even if the acronym GRAS, generally recognised as safe, coined by American Food and 

Drug Administration (FDA)32, is generally used for many probiotics, they should however 

be used carefully. 

Although probiotic supplementation is considered helpful, for certain individuals some 

dangers may occur. For example some Enterococci are used as probiotics, but some 

strains are able to transfer antibiotic resistance to other bacteria, and it’s a problem in 

case of pathogenic organisms; then strains should be selected carefully33. 

For these reasons a bacterial strain, to be considered probiotic, must full fill several 

requirements: absence of transferable resistance genes, resistance to bile, acidic 

environment of the stomach and alkaline conditions of the duodenum, produce lactic 

acid, adherence capacity to the target site, reduced intestinal permeability, have anti-

carcinogenic activity and stimulate immune system, avoid pathogenic organism 

colonization, bile salt hydrolase activity34,35. 

2.2.3 USES OF PROBIOTICS 

Probiotics beneficially modulate the composition of the microbiota by inhibiting the 

growth of potentially pathogenic bacteria through the production of bacteriocins and 

the creation of an acidic environment that is unfavourable to proinflammatory bacteria 

while further promoting the growth of beneficial species such as lactobacilli and 

bifidobacteria15. Commensal and probiotic bacteria produce adhesive molecules to 

interact with molecules of the gut epithelial cells to adhere and to colonize the GIT36, 

this molecules are also useful to prevent pathogenic bacterial attachment37. The 

intestinal epithelial barrier works as a physical and biochemical barrier which avoid the 

passage of bacteria, toxins and possible pathogens38. Probiotics can stimulate epithelial 

cells proliferation and induce mucin production, contributing to the fortification of the 

intestinal barrier by supporting the functional integrity of tight junctions39. Moreover, 

probiotics exert beneficial effects by altering the gut microflora, which can influence the 

production of metabolites, that can directly impact specific biologic processes or 

mediate local and systemic responses inducing epigenetic-related modifications40. 
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Figure 1: probiotics known properties41. 

Probiotics have been tested for the treatment of several gastrointestinal disorders in 

children42 and adults 43. Lactobacilli strains and S. boulardii have long been used against 

antibiotic-associated diarrhoea and demonstrated to prevent the disease in adults and 

children44. Since an unbalanced gut microbiota45 is considered a major etiologic factor 

for Inflammatory bowel diseases (IBD), represented mainly by ulcerative colitis (UC) and 

Crohn’s disease (CD),46 probiotics have been largely tested.  

E. coli Nissle has been demonstrated to reduce the risk of UC reactivation when 

administered to patients in remission47. It is thought that probiotics administration 

decrease gut inflammation in IBD through regulation of immune response and 

modification of the intestinal microbiota48. 

There may be a role for probiotics also in counteracting the effect of ageing. The 

intestinal microflora of the elderly is altered compared to young subjects with the loss 

of heterogeneity and in particular reduced presence of bifidobacteria49,50. Probiotic 

supplementation could therefore be useful to support the persistence of a healthy 

microbiota and bringing immune benefits. 

For example, has been demonstrated that B. lactis regular ingestion can modulate 

immune response of elderly people, increasing natural killer cells and phagocytic activity 

of macrophages51. 
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In older people it has been observed that there are a great deal of physiological 

modifications in GI tract due to a microbial imbalance. It has been seen that the 

composition of gut microbiota in people with more than 65 years is significantly different 

from microbiota of younger adults. These changes over the life is mainly correlated to 

diet and environment of elderly population. A lot of studies pointed out the strong 

correlation of gut microbiota with health status and its changes during diseases of frailty 

in older people52,53. 

Over the last years were investigated the mechanisms of action for health benefits of 

probiotic microbes and some of that are: 

• Production and secretion of molecules that reduced the ability of pathogenic 

bacteria to adhere to the intestinal epithelium  

• Inhibition of pathogenic bacteria growth 

• Maintain the normal levels of short-chain fatty acids (SCFAs)  

• Inhibit the secretion of intestinal pro-inflammatory cytokines   

• Regulation of lipid metabolism 54,55 
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Figure 2: list of some known probiotics, already subject to scientific investigation56. 

 

2.2.4 PROBIOTICS ABILITIES 

As mentioned above, with the growing interest into probiotic research, the investigation 

of the probiotics mechanism to maintain health is increased in recent years. The most 

interesting fields regard the probiotics ability to prevent pathogens adhesion to 

intestinal epithelial cells, to maintain the epithelial barrier and to influence the immune 

system57. Moreover, it has been demonstrated that probiotics may regulate intestinal 

microecology and hold a beneficial role in human body58. 

2.2.5 INTESTINAL MICROBIOTA MODULATION 

The progress into the research of probiotics’ mechanism of action demonstrated that 

the intestinal microbiota regulation influences the immune system, the treatment of 
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metabolic disorders and also mental illnesses59. Probiotics plays a crucial role in 

regulating gut microbiota60. An interesting work on mice by Bagarolli et al61, 

demonstrated that mice subjected to a high-fat diet exhibited an important alteration 

in the intestinal microbiota and that this was associated to a wide range of diseases. 

Next in the group of obese mice treated with probiotics was observed a reduction of 

Firmicutes presence into intestinal flora and an augmentation of Actinobacteria, so 

probiotics supplementation can reverse the intestinal flora dysbiosis and reduce the 

inflammatory response61. Moreover, researchers demonstrated that in probiotic-

treated mice, the beneficial bacteria (Oscillibacter  or Prevotella) and Short-Chain Fatty 

Acids (SCFAs) concentrations in gut microbiota significantly increased in comparison 

with control group62. SCFAs are fundamental metabolites of intestinal microbes, and 

they can boost immunity63 and acts as chemical signal for communication between brain 

and gut64. The microorganisms that produce SCFAs in the gut increase following 

probiotic supplementation resulting in a beneficial effect on immune system. 

Furthermore, more studies confirmed the role of probiotics in balance intestinal flora. 

For example, in an observationally trial was patients with inflammatory bowel disease 

(IBD) that consumed regularly yogurt, showed an increased gut presence of probiotics 

such as Lactobacillus and Bifidobacterium65. Finally, the experiments conducted by Oh 

et al. demonstrated that probiotics administration can repair the intestinal dysbiosis 

caused by antibiotics treatment66. In conclusion, probiotics exert a regulatory activity on 

the intestinal flora and for these reasons, they possess a great potential for “treatment” 

of various diseases. 

2.2.6 PROBIOTICS REINFORCE EPITHELIAL BARRIER 

To date there are a lot of demonstration that probiotics reinforce the intestinal barrier, 

regulate the mucosal immune function and produce for host beneficial metabolites 

useful to maintain health, as shown in Figure 367. It’s already well known that one of the 

most important functions of intestinal epithelium is to provide a physical and 

biochemical barrier between the host immune system and external environment68. The 

first barrier that pathogenic microbes encounter when arrive in the gut is the mucosal 

barrier that protect the epithelium. It has been demonstrated that some pathogenic 

bacteria produce, in the gut, specific substances that degrade mucus to disarm host69. 

Some studies found that probiotics such L. plantarum BMCM12, protect the intestinal 
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barrier releasing some extracellular proteins that reduce adhesion skills of pathogens70. 

Moreover, probiotics directly interact with intestinal epithelial cells helping them to 

maintain the integrity of epithelial barrier71,72. Finally, it is found that metabolites 

produced by probiotics protect intestinal barrier such as butyric acid that promote IL18 

expression and oxygen consumption concurring to maintain the epithelial stability70. 

Moreover, researchers found that probiotics reduce intestinal permeability such as in 

Caballero-Franco et. work69 was demonstrated that prompt goblet cells were stimulate 

by probiotics to produce mucin to inhibit bacterial adherence.  

 

Figure 3: probiotics help to maintain intestinal homeostatis67. 

2.2.7 PROBIOTICS AGAINST PATHOGENS 

The risk of developing diseases may be related also to the pathogens ability to alter the 

homeostasis of gut-microbiota73. Probiotics use many strategies to inhibit pathogenic 

microbes74,75 but the most powerful is the competitive exclusion of pathogens. 

Evidences of these mechanisms is reported in different studies: 

• The probiotic E.coli Nissle 1917 (EcN) secrete a bifunctional plasmidic protein 

(DegP) by which inhibit the enterohemorrhagic E.coli (EHEC). EcN thanks to Degp 

compete during dual-species biofilm formation, causing the elimination of 

pathogenic EHEC76. 



20 

 

• Probiotics, due to the secretion of antibacterial substance, can prevent 

Helicobacter pylori binding to IECs causing competitive adhesion and steric 

hindrance77. 

• Probiotics, during carbohydrate fermentation, generate organic acid such as 

acetic acid, butyric acid and propionic acid. All of them are considered 

antimicrobial agents produced by probiotics. Indeed, the presence of 

undissociated acid cause the pH decrease and exert an antibacterial activity71. 

• Probiotics could inhibit quorum sensing, a mechanism of bacterial 

communication, reducing the pathogens colonization. Indeed it has been 

demonstrated that Bacillus exert an inhibitory effect on S. aureus virulence 

because it secretes a substance that inhibits agr signalling, the most important 

methods for intra-specie communication in S.aureus78. 

2.2.8 IMMUNOMODULATORY EFFECTS OF PROBIOTICS 

In the past few years several studies pointed out that probiotics and their metabolites 

co-operate with different immune cells showing significative immunoregulatory 

function79–81. In this field, the main role of probiotics is to activate T cells that are 

involved in innate response and in cytokines production and to stimulate immune cells 

correlate to lamina propria70,81. 

Even in this modulation, as described above for pathogens inhibition, probiotics acts 

through more mechanisms: 

• Probiotics in the gut stimulate the production of IgA antibody82. Oral probiotics 

enhance the presence of IgA+ cells in intestinal lamina propria. Moreover, they 

can stimulate the IgA cycle reinforcing and maintaining the immune surveillance 

and promoting the maturation mechanism of humoral cells68,83,84. 

• Probiotics increase the number of dendritic cells (DCs) in lamina propria. The role 

of DCs is to recognize and eradicate pathogens, indeed they are the primary cells 

of immune system that act as “sensor” through activation of innate immune 

receptors after binding with microbial ligands83,85,86. 

• More recently, it has been demonstrated that probiotics interact with 

macrophages. Macrophages are the principal cells to phagocyte pathogens, 

activate lymphocytes and other immune cells against pathogenic microbes. As 

example it has been demonstrated that the a probiotic mix of Lactobacilli is able 
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to activate the macrophages’ inflammatory response through the synthesis of 

cytokines, reactive oxygen species (ROS) and activating the nuclear factor kB (NF-

kB) and Toll-like receptor 2 (TLR2) pathways82.  

To date, due to the probiotics ability to regulate immune system, they are used to 

prevent some common diseases87. Anyway, the mechanism that probiotics use for this 

regulation needs to be further explored. 

2.2.9 PROBIOTIC-BASED THERAPIES 

The success of a “therapy” based on probiotics depends on disease, species and dose. 

Unfortunately, there are a really few defined guidelines that indicate when it’s 

appropriate to use probiotics and what is the most effective for a specific pathologic 

condition or to improve physiologic functions. A review in 2014 pointed out that a 

dosage of 5 billion colony-forming units or more per day was more effective than lower 

dosages35. 

Here we reported some diseases in which probiotics are beneficial: 

• Antibiotic-associated diarrhoea: probiotics are useful in the prevention and 

treatment of diarrhoea associated to antibiotic therapy, both in children and 

adults. It’s suggested to patients to begin probiotics on the starting day of 

antibiotic treatment. It’s recommended to continue the intake of probiotics also 

for one or two weeks following the end of antimicrobial therapy. To simplify the 

correct treatment, patients could assume probiotics and antibiotics at the same 

time indeed it has been demonstrated that antimicrobials do not interfere with 

probiotic effect due to natural resistance to several antimicrobial substances88,89. 

• Acute infectious diarrhoea: probiotics are effective to treat acute diarrhoea 

caused by bacteria. A review of 63 randomized trials that considered 8014 

children and adults with acute infectious diarrhoea evidenced that probiotics 

significantly decrease the duration of symptoms90,91. 

• Anti-cancer: some probiotic strains could be used as adjuvant for cancer 

prevention or treatment due to its ability to modulate intestinal microbiota and 

immune response.  Recent human trials observed that probiotics assessed an 

anticarcinogenic effects92,93. 

• Cardiovascular risk factors: Lactobacilli strains are capable to decrease the serum 

cholesterol levels but the mechanism remains still unknown. There are different 
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hypothesis among which the assimilation of cholesterol by probiotics 

themselves94. In contrast it has been found that probiotic yogurt was seen to 

enhance total cholesterol concentrations in patients of type 2 diabetes and could 

enhance the cardiovascular disease risk factors95. Finally, was observed that 

probiotic-fermented (Lactobacilli and Bifidobacteria strains mix) soy milk, has 

anti-hypertensives effect so it could be used to reduce the risk of hypertension96. 

• Probiotics and weight: intestinal microbiota dysbiosis disrupt its original 

functions in enhancing the gut barrier integrity causing a low-grade chronic 

inflammation. This disfunction affects host adiposity and insulin, so intestinal 

microbes possess a key role in the regulation of appetite.  Probiotics help to 

restore the normal intestinal flora97. A systematic review found that the effect 

of probiotic in body weight is specie and strain specific as example: 

- L. gasseri BNR17 reduces the weight gain whereas L. gasseri L66-5 

promotes weight gain. 

- L. rhamnosus is the only one that have a role in weight loss in humans98. 

• Probiotics and allergy: allergies are characterized by type I hypersensitivity 

reaction due to the interaction between allergen-specific IgE, that coat mast cells 

and eosinophilis, and a cross-linking allergen. The results are inflammation that 

commonly occurred by rhinitis, urticaria, diarrhoea and vomiting. In severe 

reactions may run into anaphylactic shock and could lead to death. All the 

symptoms described above are the consequence of an imbalance immune 

system response to a food or an environmental antigen. After birth, when 

bacteria colonized colon, the microbiological stimuli is essential to balance the 

skewed T-helper 2 immune response that characterized the infant. It has been 

observed that this normal interaction between microbes and babies is 

compromised particularly in bottle-fed infants, where was found a reduction in 

bifidobacterial and an increase in clostridial species. Two studies based on 

administration of Lactobacillus rhamnosus GG in neonates demonstrated that 

probiotics treatment prevents allergic diseases. It has also been found that 

through probiotics it’s possible control allergy, especially by using lactobacilli to 

control cow’s milk allergy and eczema99. 
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• Rheumatoid arthritis: in 2014 Vaghef-Mehrabany et al. demonstrated that 

Lactobacillus casei 01 reduced disease activity and inflammation by lowering 

inflammatory cytokines IL-6 in patient with rheumatoid arthritis. Anyway, the 

specific mechanism of action for these clinical effects is still unclear100. 

• Psychobiotics: they are microorganism that produced health benefits in patient 

affected by psychiatric illness. Specific strains produce and deliver to brain 

neuroactive substance just as serotonin and gamma-aminobutyric acid that act 

on brain-gut axis101. In a study were used Lactobacillus helveticus R0052 and 

Bifidobacterium longum R0175 to treat patients. Researchers observed that after 

4 weeks of probiotic therapy, symptoms such as anhedonia, mood and sleep 

disturbance were strongly decreased102. 

2.3 BIFIDOBACTERIUM ANIMALIS 

Bifidobacterium animalis subsp. lactis was in origin isolated from yogurt, and we can find 

it commercialized in fermented but also non fermented food and drink as 

supplement103. The B. animalis complete genome was published in 2018104, useful to 

allow strain controls and assure purity, safety and product quality. 

B. animalis has a long history of safe use in diary products105, and knowledge of this 

probiotic is constantly advancing 106. 

B. lactis has been shown to have a good ability to resist the acidic pH of the stomach and 

also the presence of bile salts, which is a fundamental characteristic for crossing the 

GIT107. Also good adhesion properties have been observed on various cell lines (Caco-2 

and HT29) in in vitro experiments108. These reported qualities suggest that B. lactis has 

the possibility of surviving the passage in the stomach and can persist in the 

gastrointestinal tract for even medium-long periods, ideal characteristics for a good 

probiotic. 

Several in vivo studies have been demonstrated health benefits have for this 

Bifidobacterium strain. Beneficial effects on the intestinal microflora have been 

observed109, but also enhancement of immune system activity has been reported103. 

Several in vitro studies underlined the positive effect of the probiotic on the phagocytic 

activity of macrophages following oral  supplementation110,111. A small number of 

studies confirmed also a statistical increment in Natural Killer cells activity112. 
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2.3.1 B. ANIMALIS SUPPORTS INTESTINAL BARRIER INTEGRITY 

One of the principal role of intestinal epithelium barrier is to preserve intestinal 

permeability. The regulation of intestinal permeability depends on multiple factors such 

as the composition and quantities of mucus covering the epithelium or the integrity of 

tight junctions (TJ). TJ are cell-cell junctional complexes that sealing the epithelum form 

a physical barrier between host and environment113. Research by Putaala et al. 

compared the effect on TJ of cell-free supernatant (CSF) B. animalis and 

enterohemorrhagic E. coli (EHEC) measured trans-epithelial electrical resistance (TEER). 

They observed that B. animalis reinforced the intracellular TJ while EHEC damaged the 

adhesion apparatus decreasing significantly TEER114. Moreover, it’s already well known 

that cyclooxygenases (COX) play a fundamental role in defence against pathogens. In 

humans there are two isoforms: COX-1 that support physiological functions against 

harmful bacteria and COX-2 involved in pathogenic inflammatory responses114. 

Indeed, both B. animalis and enterohemorrhagic E. coli (EHEC) enhance the ratio of COX-

2/COX-1. However, EHEC stimulates the increment of COX2 and the decrease of COX-1 

whereas B. animalis induces a moderate boosting of COX-2 while preserving protective 

COX-1 levels, thus corroborating the immunostimulatory role of B. animalis HN019115. 

2.3.2 B. ANIMALIS COMPETITIVE EXCLUSION AGAINST PATHGENS 

It has been observed that if EHEC was treated with CFS of B. animalis before adhesion 

test on epithelial cells the E. coli abilities to adhere to/invade cells, that are the main 

characteristics of pathogenic strains, are significantly reduced108. In another in vitro 

study was demonstrated that in co-infected cells with B. animalis and Salmonella 

typhimurium the probiotic cells adhering to epithelial cells outnumbered the pathogen, 

supporting the view of the competitive ability of this probiotic strain considering that 

the adhesive capacity of B. animalis and Salmonella typhimurium is similar116. 

2.3.3 B. ANIMALIS IMMUNOMODULATORY EFFECT 

B. animalis helps in maintaining an healthy intestinal microbiota in aging process by 

competitive exclusion of pathogenic bacteria109,117. B. animalis in-vitro protects 

enterocyte from inflammatory responses induced by lipopolysaccharide (LPS) and S. 

typhimurium. Thus, live and heat-killed B. animalis prevent inflammatory stimuli-

induced by IL-8, tumor necrosis factor (TNF)-α and IL-1β up-regulation116. Additionally, 

in a mice model, B. animalis administration protects against EHEC and S. typhimurium 
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infection significantly reducing morbidity118,119 . Moreover, in mice fed with probiotics 

was observed a significant increment of numbers of phagocytic leukocytes119. B. 

animalis can also reduce and regulate commensal bacteria population in case of 

dysbiosis, helping to maintain a balanced microflora108,109. 

Finally, in a large trial in India, B. animalis supplementation reduced the incidence of 

fever and diarrhoea during the period with the highest occurrence of these 

symptoms120. In line with the clinical outcome also inflammatory markers, such IL-8 and 

fecal immunoglobulin IgA, were significantly lower in B. animalis treated group 

compared to the placebo treated120. However, all of these several effects of B. animalis, 

and more generally about probiotics, are not completely understood and many efforts 

are still needed to understand how communication at molecular level between 

probiotics and host occurs56. 

2.3.4 B. ANIMALIS SUPPLEMENTATION RELIEVES CONSTIPATION 

Gut dysmotility is the primary pathophysiological mechanism for constipation due to 

deficient or dysregulated colonic propulsive motor patterns121,122. Among molecules 

that influence gut motility there are SCFAs, serotonin (5-HT) and formylated 

peptides122,123. The concentrations of SCFAs directly modulate the gut motility through 

G protein-coupled receptor (GPR) 41 and 43124. Protein GPR43 is involved in regulation  

appetite and in gastrointestinal peptide secretion influencing fat absorption125. It has 

been demonstrated that B. animalis produces lactate and acetate, and acetate is a 

potent selective agonist for GPR43126,127. Finally, B. lactis impact gut motility stimulating 

gut commensal activity, that are involved in serotonin production and in bile acid 

metabolism128,129. Bile salts simulate colon contraction and transit in humans130,131. 

Probiotics are able to deconjugate bile salts resulting in formation of secondary bile salts 

that possess a laxative effect122. 

In Figure 4 are summarized most of the mechanism by which B. animalis may influence 

health in human’s colon discussed previously.  
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Figure 4: B. animalis function in human health. B. animalis HN019 may inhibit certain Gram-

negative bacteria and stimulate Bifidobacteria and Lactobacilli. Deconjugated bile acids (dBA), 

short chain fatty acids (SCFA), and serotonin (5-HT) could interact with their host receptors 

expressed in the epithelial cell layer; G protein-coupled receptors (GPR); and 5-HT receptors (5-

HT R). Microvesicles (MV), peptidoglycan (PG), and lipopolysaccharide (LPS) interact with Toll-

like receptors (TLRs) 132. 

2.4 EPIGENETIC 

The DNA is the molecule that encodes all the genetic information and, due to its role, it 

possesses a very stable structure. During cell division, the daughter cells acquire the 

exact DNA sequence from mother cell. Despite this, scientists observed that cells with 

the same genomic information could show different phenotypic properties, or maintain 

in vitro for a long time specific phenotypic traits acquired in vivo (i.e inflammatory or 

fibrogenic phenotype). In 1942 Conrad H. Waddington introduced for the first time the 

concept of epigenetics to refers to a new field of biology that was involved in the study 

of the complex interaction between genes and phenotype133. Today, epigenetics is a 

field of study focused on DNA modifications that do not involve changes to the 

underlying nucleotides bases sequence134. These modifications result in a different gene 

expression pattern. 
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To better understand epigenetic modifications, we at first need to rapidly explain the 

complex structure of chromatin. It is a condensed structure of DNA and its associated 

proteins135.  Its principal role is to package long sequence of DNA molecules into a more 

compact structure, in this way in each eukaryotic nucleus with a diameter of 7μm is 

contained more than two meters of DNA sequence. Moreover, chromatin allows DNA 

to become accessible or inaccessible to different proteins involved in DNA transcription 

and replication136,137.  

Specifically, the primary protein that compose chromatin are histones. The octamer 

formed by two groups of four histones function as “anchors” and DNA strands are 

looped around135. 

Generally, chromatin is organized into three different levels: 

▪ DNA wraps around histones, called nucleosomes. Each nucleosome is linked to 

the next thanks to a linker DNA.  This conformation looks like “beads on strings” 

and form a structure known as euchromatin 

▪ Multiple nucleosomes are compacted into a 30nm fibers called heterochromatin 

▪ Finally, in the third level, during the cell division, the chromosomes are the most 

compact structure. 

The epigenetic modifications influence this complex DNA organization. 

Epigenetic modification mechanisms include DNA methylation, histone modification 

and non-coding RNAs138, all of which turn on and off genes without changing their 

original sequence. 

Epigenetic modifications are caused by a set of highly dynamic enzymes, notably histone 

acetylases, deacetylases, DNA methylases, and demethylases, that are influenced by a 

number of environmental cues including microbial metabolites40. 

NcRNAs create tridimensional structures and interact with histones or chromatin and by 

remodeling and modifying them, vary gene expression139. 

Among different types of epigenetic modifications, it has been demonstrated that DNA 

methylation possess a significant role in regulating gene expression140. DNA methylation 

occurs by a family of enzymes called DNMT (DNA methyl transferase) which recognize 

specific sequence motifs throughout the genome and methylate bases within the motif. 

The most common methylation pattern, 5-methylcytosine (5mC), occurs on 5′-CG-3′ 
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motifs. The cytosines on both strands of the DNA double helix receive methyl groups on 

the fifth carbon molecule in the pyrimidine ring141. DNA methylation of gene promoters’ 

generally leads to the suppression of gene transcription, increasing affinity of the region 

with histones142.  

Histone modifications include methylation, demethylation, acetylation and 

phosphorylation and could activate or suppress gene expression, varying the affinity 

between histones and DNA. The attack of negatively charged groups leads to a lower 

affinity between DNA and histone, stimulating the transcription, on the contrary the 

absence of these groups leads to a greater envelopment of the DNA making it less 

available to the transcription process143. 

2.4.1 DNA METHYLATION  

The methylation of DNA occurs when a methyl group binds carbon 5 of a cytosine. This 

reaction takes place most frequently at CpG sites that corresponds to DNA regions 

where a cytosine is followed by a guanine along the linear sequence in 5’→ 3’ direction. 

Methylation take place thanks to the action of a family of enzymes called DNA 

Methyltransferase (DNMT), demethylation occurs through another family of enzymes 

known as Ten Eleven Translocation (TET)144, but it can also be a passive process145. 

+-  

Figure 5: Cytosine methylation reaction. 

The genomic regions with a high frequency of CpG sites are called CpG islands. A CpG 

island region usually is refer to a DNA sequence length greater than 200bp and with a 

content of G+C greater than 50%. DNA methylation could influence different biological 

process such as transcriptional repression due to change of chromatin. 

Hypermethylation usually results into silencing of genes acting through the inhibition of 

binding between transcription factors and promoter region. Instead, hypomethylation 
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usually causes an increase of gene expression because the promoter region results to 

be more accessible for binding to transcription146. Anyway we need to consider that the 

expression or repression of a gene could be influenced also by other epigenetic 

modification140. 

2.4.2 MICROBIOTA AND EPIGENETIC 

Host and gut microbiota are strongly connected and they interact through an complex 

series of relationships, comprising mutually and symbiotic beneficial (e.g. biosynthesis 

of vitamins) and also harmful or parasitic. These interactions evolved over years and 

resulted in complex molecular mechanism regulating and influencing these intricate 

relationships. Some of these complex regulatory systems have been studied in the past 

decades but a large field remains not well explored, that is the host epigenetic effects 

caused by microbes or their product. As described above the epigenetic modifications 

may alter the host chromatin and influence the cells’ gene expression. Several studies 

demonstrated evidence of host-microbiota epigenetic interactions. Moreover, there are 

several methods to characterize the epigenomes that are all reported in a review by 

Tollefsbol et al147. Several studies focused on investigation of DNA methylation in host 

tissues and the association with microbiota composition. Due to high input material 

required by the most of methylation-based techniques some of these studies inevitably 

focus on heterogeneous host cell populations and this could complicate the results’ 

interpretation148.  

The earliest studies on interactions between microbiota and host epigenetics focused 

on the effects on the immune systems, investigating DNA methylation by microarray-

based assays. In one study was evaluated DNA methylation in the colon mucosa in 

C57BL/6 mice and Tlr2 (-/-), a mouse model to study Inflammatory Bowel Disease (IBD) 

and intestinal barrier function149. Kellermayer et. al demonstrated that colonocytes’ 

DNA of Tlr2 (-/-) and WT mice possessed a substantial difference in DNA methylation 

(~1,4%). These modification were associated mainly with CpG islands of genes involved 

in regulation of inflammatory pathways, for example Anpep gene promoter region that 

is associated in Alanyl aminopeptidase transcription that is responsible of T-cell 

growth149. Moreover, they observed that these epigenetic changes were related with a 

microbiota modification, specifically with an increase in Proteobacteria, Actinobacteria 

and Bacteroidetes and a decrease of Firmicutes.  
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In another example based on methylation approach150, whole blood methylation was 

investigated in pregnant women. They for the first time observed that blood 

methylation patterns were associated with different gut microbiota profiles. In more 

detail the genes with promoters differentially methylated corresponds with group in 

which Firmicutes was predominant. Intriguingly, these genes with promoters 

differentially methylated are linked to risk of disease, mainly to cardiovascular disease, 

obesity, metabolic syndrome, and inflammatory response150. 

In the subsequent years of study on microbiota-host relationship was observed that 

Fusobacterium was often found in biopsies of patient with colorectal cancer151. Due to 

this observation Tahara et al. (2014) investigated the differences of intestinal DNA 

methylation in patient with colorectal cancer divided by the presence or not of 

Fusobacterium in tumour biopsy152. They pointed out that the presence of 

Fusobacterium results on CpG island methylator phenotypes (CIMP) and an enhanced 

microsatellite instability that leads to epigenetic inactivation of tumor suppressor genes 

by promoter methylation153 and genetic hypermutation154, respectively. 

In the last decade several studies investigated the interaction between microbiota and 

epigenetic modifications exploiting germ free (GF) mice155,156. One of the recurrent 

themes in literature is that metabolites and microbial products can directly modify the 

host epigenome. The most studied mechanism involved the availability of methyl 

donors. A large variety of molecules produced from bacteria acts as methyl donors or 

cofactors for methylation and chromatin remodelling157. Among these there are B 

vitamins, such as B2, B6, B12, folate, methionine, betaine and choline158. All of them are 

components of one carbon (1C) metabolism pathways, a mechanism that contribute to 

the S-adenosylmethionine (SAM) availability. In the colon epithelial cells the 

transporters for many of these methyl donor are expressed159–161. Specifically, 

methyltransferases used SAM to preserve and to create DNA methylation. Other than 

bacteria direct contribution to methyl donor pool, both microbiota and diet could 

participate to epigenetic signalling more subtly through metabolites production, 

including short-chain fatty acids (SCFAs). Particularly butyrate upregulates the 

acetylation of histone H3 at the Foxp3 gene locus, a gene that controls the development 

and functions of T regulatory cells (Treg) (Figure 5)156,162.Moreover, butyrate binds G-

protein-coupled receptor (GPR109a) in dendritic cells to stimulate retinoic acids (RAs) 
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and IL-10163. Furthermore, butyrate, propionate and acetate stimulate intestinal 

epithelial cells to secrete transforming growth factor-β (TGF-β).  All the biological effects 

of SCFAs described above facilitate the differentiation of naïve CD4+ T cells into Treg 

cells. Finally, gut microbiota microbes downregulate the expression of epithelial TLR4 by 

epigenetic modifications to maintain a hypo responsiveness to commensal bacteria163 

(Figure 5). 

 

Figure 6:Host-intestinal microbiota interactions163 

2.4.3 PROBIOTICS AND EPIGENETIC 

As described above epigenetic modifications are a key factor in modulating gene 

expression and therefore affecting human health from infancy to adulthood164. The 

product of probiotics metabolism, such as SCFAs, are strategic regulator for epigenetic 

modifications of host DNA thus calibrating human genes expression play a fundamental 

role through the whole life preventing diseases like allergies, autoimmune disorders, 

and cancer164,165. SCFAs influence gene expression in different ways such as remodelling 

chromatin or acetylation of specific promoter regions, but more studies are necessary 

to investigate all the affected genes166,141. Undoubtedly, due to the lack of research into 

the role of probiotic in host epigenetics, further studies are necessary to better 
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characterize the impact of probiotics on human epigenetic modifications and identify 

probiotics’ effector molecules.  
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3 AIM 

Microbiota acts on the immune system influencing gene expression in different ways. 

We speculate that probiotic-mediated immune-modulatory effects involve epigenetic 

modification of DNA.  

The first goal of this project is to assess whether probiotic able to exert immune-

modulatory effects, induce epigenetic modifications, such as DNA methylation, in cells 

that play a key role in immune responses such as mucosal dendritic cells, thus 

modulating the expression of genes relevant to the activity of the immune system.  

The second goal of this project, taking into account the epigenetic modifications present 

in circulating DC, to establish a non-invasive objective method to assess probiotics 

activity in vivo. 
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4 MATERIALS AND METHODS 

4.1 BACTERIAL STRAINS AND GROWTH CONDITIONS 

For experiments, we used the probiotic Bifidobacterium animalis subspecies lactis 

HN019 and Lactobacillus rhamnosus SP1. Bacteria were grown in MRS (de Man, Rogosa 

and Sharpe) medium for 16 hours at 37°C, in anaerobic conditions. Overnight culture of 

Bifidobacteria or Lactobacilli were then collected, centrifuged and resuspended in fresh 

culture broth at the proper concentration for the following experiments.  

4.2 MICE AND ANIMALS TREATMENT PROTOCOL 

All the experiments conducted with animals were performed according to Italian Law 

116/92 and European directive 2010/63/UE. Experimental protocols were approved by 

the Institutional Animal Care and Use Committee (“Comitato Etico Scientifico per la 

Sperimentazione Animale”) of the University of Padova and by the Ministry of Health. 

Mice were maintained under standard laboratory conditions with 12:12-h light-dark 

cycles and free access to food and water at all stages of the experimental protocol. 

C57BL/6 male mice, about 4 months old, were used for the experiments.  

Mice received for 15 consecutive days B. animalis HN019 or L. rhamnosus 10⁹ CFU, by 

intragastric gavage, using a stainless needle, in 200 µl of MRS. As control, animals 

received the same volume of sterile MRS medium. 

4.3 E. COLI TOP10 COMPETENT CELLS PREPARATION 

E. coli was streaked from a glycerol stock on an LB agar plate and it was left to grow 

overnight at 37°C. 

One colony was picked from the plate and inoculated in 25 ml of LB in a 50 ml tube and 

left to grow at 37 °C, 220 rpm until OD600 = 0,12-0,15 was reached measuring with the 

spectrophotometer (Biophotometer, Eppendorf). 

From this step all the reagents, tubes and 1,5 microcentrifuge tubes has to be ice-cold. 

and each step has to be performed on ice. 

Then cell culture was centrifuged 10 minutes at 4000 rpm, at 4°C. 

Discarded the supernatant the pellet was carefully resuspended in 15 ml of Buffer 1 

(Buffer 1 stock was prepared mixing 8 ml of MgCl2 1M, 2 ml of CaCl2 1M and 90 ml of 

autoclaved Milli-Q water) to make cells chemically competent. 
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Cells were centrifuged as seen before and then supernatant was discarded. 

Pellet was carefully resuspended in 1ml of Buffer 2 (Buffer 2 stock was prepared mixing 

1 ml of CaCl2 1M, 18.75 ml of glycerol 80%, 80,25 of autoclaved Milli-Q water) to permit 

cells storage at -80°C. Cells were aliquoted in autoclaved 1,5 ml tubes, 100 µl per tube 

and stored at -80°C until use. 

4.4 AGAROSE GEL ELETTROPHORERIS CASTING AND RUNNING 

To cast 2% agarose gel, 2 g of agarose powder (Agapure, Canvax) was weighed and 50 

placed in a glass bottle with 50 ml of TBE 1x.  

The mix was heated in the microwave until the agarose was completely dissolved and 

the liquid became transparent. Let cool to about 45°C and add 1 µl of Nancy-520 (Sigma-

Aldrich). After having homogeneously dispersed Nancy, the gel can be poured in the 

casting tray, remembering to add the comb and remove any air bubbles. When the gel 

has solidified it can be placed in the electrophoretic chamber and must be completely 

submerged in TBE 1x. After removing the comb samples was loaded pipetting them in 

the wells. 4µl of 100 bp Low Ladder (Sigma-Aldrich) was loaded in a free well as marker. 

Then electrophoretic chamber has been connected to the power supply (PS 304 Minipac 

II) to run the samples in the gel. For the first 5 minutes a low voltage was set, then 

increasing the voltage up to 90 until the lowest band of the marker reaches the bottom 

of the gel. 

4.5 IN VITRO MODEL OF HUMAN MUCOSA  

To obtain a human model of interaction between bacteria-colon epithelial cells-immune 

cells we generated confluent monolayers of human epithelial cells in transwell inserts. 

The apical part of epithelial cells (luminal) was exposed to probiotics, whereas the 

basolateral part (mucosal) was exposed to human dendritic cells (hDC).   
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Figure 7: architecture of a Transwell model, to mime human intestinal environment, adapted 

from167. 

CACO-2 is a human cell line that has been largely utilized as a model of the intestinal 

epithelial barrier, was obtained from ATCC HTB-37 ™.  

• primary human dendritic cells were differentiated from peripheral blood 

monocytes, as described below. 

• Caco2 cells were grown in DMEM medium (Gibco) supplemented with 20% FBS 

v/v and penicillin/streptomycin 1% v/v. Cells were kept in humified CO2 (5%) 

incubator at 37 °C. The culture medium was renewed every 2-3 days. Moreover, 

the cells were passaged with a trypsin/EDTA (Gibco®) solution and diluted in a 

ratio of 1:10 when they reached confluence. 

Caco-2 cells (2*105) were seeded on transwell polyester membrane cell culture 

inserts (transparent PET membrane: 1.0 cm2 growth surface area, 0.4 μm pore size; 

BD Falcon) in 24-well plates and incubated with DMEM medium supplemented with 

20% FBS and 1% penicillin/streptomycin in a humidified atmosphere. Culture media 

was replaced every other day until confluent monolayers were obtained. To assess 

the development of functional Tight Junction (TJ), a measure of a differentiated 

monolayer, we measured Trans Epithelial Resistance (TEER) using impedance meter 

(Millipore). To measure TEER transwells were placed at room temperature and after 

30’ the culture medium was replaced with HBSS 1X (Hanks’ Balanced Salt solution). 

Then, HBSS was replaced with fresh complete culture medium and transwells 

maintained in a humidified incubator. Monolayers were used when TEER values 

remained stable for at least three consecutive days. 

• Dendritic cells were differentiated from human blood. Initially, blood was diluted 

1:1 with sterile RPMI and mixed by inversion. Meanwhile, 3 ml of Ficoll were 

prepared in 15 ml tubes and then 7 ml of blood were carefully stratified on the 
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Ficoll in each tube. Tubes were centrifuged for 20 minutes at 2000 rpm without 

magnetic brake to maintain the stratification. 

Mononuclear cells fraction (ring) was collected in 50 ml tube then diluted 1:10 

with RPMI and centrifuged 6 minutes at 1600 rpm. The supernatant was 

discarded and the pellet was resuspended in 20 ml of complete RPMI 

(supplemented with pen-strep 1% v/v and FBS 10% v/v). Cells were counted 

using an hemo-cytometer and seeded in cell culture plates in complete RPMI, 

and incubated 2 hours at 37°C. After 2 hours, to eliminate not adhering cells, the 

medium was discarded and adhering cells extensively washed with sterile RPMI. 

Then, adhering cells were cultured in complete RPMI with rhIL4, 20 ρg/ml, 

(ImmunoTools) and rhGMCSF, 20 ρg/ml, (ImmunoTools) to induce 

differentiation of monocytes in dendritic cells. 

Medium was replaced the day after to remove any suspended cells, then 

medium was changed every 2-3 days, cells were used after 9 days of culture. 

 

Figure 8:gradient layers before and after the centrifuge separation. 

4.6 HUMAN DENDRITIC CELLS TREATMENT 

Dendritic cells (2,5 *105) were seeded in the bottom compartment of 24 wells plate 

transwells containing differentiated Caco2 monolayers. Luminal and mucosal 

compartment of transwells contained complete RMPI without antibiotics. Following 16 

hrs equilibration period, the luminal surface of Caco2 monolayer was exposed to B. 

animalis HN019 at MOI 1:10. transwells were incubated at 37°C for 2 hours. Then, the 

medium bathing the luminal surface of Caco2 cells was removed and replaced with fresh 

medium containing antibiotic, to avoid growth of bacteria left behind in the transwells. 

Transwells were incubated for additional 24 hours at 37°C in humified CO2 (5%) 
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incubator. After 24 hours dendritic cells were collected and processed for flow 

cytometry analyses, or for total RNA extraction, as described below. 

4.7 DENDRITIC CELLS AND LYMPHOCYTES ISOLATION FROM MURINE 

PEYER PATCHES 

Mice were sacrificed by cervical dislocation and the ileum was removed and placed in 

ice-cold RPMI. The lumen was rinsed with ice-cold RPMI to remove faeces. Using an 

operating microscope, Peyer Patches (PP) were dissected and placed in ice-cold RPMI. 

Peyer Patches were minced with a scalpel and fragments were centrifuged for 5 minutes 

at 1600 rpm to remove debris. The supernatant was discarded and PP fragments were 

incubated in 1.5 ml of HBSS w/o calcium and magnesium, supplemented with 30 µl of 

EDTA 0,5M at 37°C, mixing periodically, to remove epithelial cells. After 30 minutes the 

supernatant was carefully discarded and replaced with fresh HBSS containing EDTA as 

seen above. After additional 30 minutes incubation, the medium was discarded and 

tissues were collected and incubated in 400 µl of RPMI containing 10 µl DNAse (1mg/ml) 

and 100 µl collagenase (1mg/ml) for 5 minutes at 37°C. After the incubation, tissues 

were forced through a stainless-steel mesh (80µm) to obtain a single cell suspension. 

Cells were collected and filtered through a gauze to remove cellular clamps and large 

indigested tissue residues. Finally, the cell suspension was centrifuged, the supernatant 

discarded and the cellular pellet suspended in PBS containing 2% BSA. 

4.8 MONONUCLEAR CELLS ISOLATION FROM BLOOD 

Mice were deeply anesthetized and blood (~1ml mice) was drawn through a cardiac 

puncture using a syringe containing 10 microliter of EDTA 0,5M to avoid clots. An equal 

volume of RPMI was added to each sample and mixed. The diluted blood was carefully 

stratified on 1/3 of total volume of Ficoll and centrifuged for 20 minutes at 1600 rpm 

(room temperature), deactivating the magnetic brake. The mononuclear cell fraction 

formed a ring at the interface of serum and Ficoll and was carefully collected, placed in 

a 15 mL tube and diluted in 10 ml of RPMI. Cells were centrifuged for 6 minutes at 1600 

rpm, the supernatant was discarded, the cell pellet containing the circulating 

mononuclear cells were re-suspended in PBS containing 2% BSA and used for further 

analysis. 
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4.9 FLOW CITOMETRY 

Flow cytometry analysis was performed on dendritic cells and lymphocytes from 

experimental mice and human dendritic cells differentiated from blood. 

Single-cell suspensions were subjected to flow cytometry to determine the proportion 

of dendritic cells expressing MHC1, CD80, TLR2, TLR4, CD206 among CD11c positive 

cells. While lymphocytes were tested to determine proportion of CD3 CD4 IL4, CD3 CD8 

IFNγ, CD4 CD25 FOXP3 positive cells. 

Subsequently Sec14l, Tspan6, KAISO presence was investigated on CD11c CD80 positive 

cells. 

Cells were aliquoted in flow cytometry tubes with cold PBS/BSA 2%, centrifuged 6 

minutes at 1600 rpm (4°C) and then the supernatant was discarded. 

The pellet was resuspended in 100µl of PBS/BSA 2% containing the appropriate 

fluorescent-labeled antibodies. 

After 30 minutes of incubation in the dark at 4°C, 1ml of cold PBS/BSA 2% was added to 

block the labeling step. Tubes were centrifuged 6 minutes at 1600 rpm (4°C). The 

supernatant was discarded and the pellet resuspended. 100µl of buffer were added on 

samples and kept in the dark waiting to be analyzed. 

• Samples that required intracellular staining were resuspended in 100 µl of 

Fixation Buffer (Invitrogen) containing formaldehyde to fix cells surface. 

After 20 minutes at 4°C, in the dark, 1 ml of Permeabilization buffer (Invitrogen) 

was added to each sample and centrifuged 6 minutes at 1600 rpm (4°C). 

The supernatant was discarded and pellet resuspended in 100 µl of Fixation 

buffer containing the required antibody do detect intracellular antigens (IL4, 

IFNγ, FOXP3, Sec14l, Tspan6, Kaiso) samples were incubated 30 minutes at room 

temperature in the dark. At the end of the incubation 1 ml of PBS/BSA 2% was 

added to wash cells and centrifugated 6 minutes at 1600 rpm. 

The supernatant was discarded and cells were resuspended in 100 µl of PBS/BSA 

2% and kept away from light at 4°C waiting to be analyzed. 

• If a secondary antibody labeling was required a further incubation was needed, 

samples were resuspended in 100 µl of PBS/BSA 2%, if the primary antibody was 
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a surface antibody; or Permeabilization buffer if the primary antibody was an 

intracellular antibody, respectively added with the right fluorochrome. Samples 

were incubated and washed and seen before.  

Finally, samples were resuspended in 100 µl of PBS/BSA 2% ready to be analyzed. 

Flow cytometric analysis was performed using a FACSCalibur based on CellQuest 

software (Becton Dickinson). All the antibodies used for the analysis are listed in 

Table 1, antibodies pairings are listed in Table 2 and Table 3. 
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Antibody Company 

Dendritic Cells 

anti CD11C mouse Alexa 700-conjugated Ebioscience 

anti MHC1 mouse FITC-conjugated Biolegend 

anti CD80 mouse FITC-conjugated Immunotools 

anti TLR2 mouse Santa Cruz Biotechnology 

anti TLR4 mouse Santa Cruz Biotechnology 

anti CD206 PE-conjugated Ebioscience 

anti CD80 human FITC-conjugated Sony 

anti TLR2 human alex647-conjugated Sony 

anti CD206 human alexa488-conjugated Sony 

anti Sec14l mouse/human FITC-

conjugated 

Bioss 

anti Tspan6 mouse/human ABclonal 

anti Kaiso mouse/human ABclonal 

Lymphocytes 

anti CD3 mouse APC-conjugated Immunotools 

anti CD4 mouse PE-conjugated  Immunotools 

Anti CD4 mouse PE-CY7 Ebioscience 

anti CD8 mouse PE-conjugated Biolegend 

anti CD25 mouse PE-conjugated  Biolegend 

anti IL4 mouse Alexa 488-conjugated Sony 

anti IFNγ mouse FITC-conjugated Biolegend 

anti FoxP3 mouse FITC conjugated Ebioscience 

Table 1: List of antibodies used in flow cytometry analysis. 
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MOUSE 

Dendritic cells 

Primary ab Anti CD11C 
Anti 

CD80 
Anti CD80 

Primary ab 
Anti 

MHCI 

Anti 

CD80 
Anti TLR2 Anti TLR4 

Anti 

CD206 

Anti 

Sec14l 

Anti 

Tspan6 

Anti 

KAISO 

Secondary 

ab 
    Ab II FITC Ab II FITC 

  Ab II 

alexa 

594 

Ab II 

alexa 

594 

  Lymphocytes 

Primary ab Anti CD3  Anti CD4 

Primary ab Anti CD4 Anti CD8 
Anti 

CD25 

Primary ab Anti IL4 Anti IFNγ 
Anti 

FOXP3 

Table 2: Pairings of mouse antibodies used in flow cytometry analysis. 

 HUMAN 

 Dendritic Cells 

Primary ab Anti 

CD80 

Anti TLR2 Anti CD206 Anti CD80 Anti CD80 

Primary ab    Anti Sec14l Anti Tspan6 Anti KAISO 

Secondary 

ab 

    Ab II alexa 

594 

Ab II alexa 

594 

Table 3: Pairings of human antibodies used in flow cytometry analysis. 

4.10 PURIFICATION OF DENDRITIC CELLS/LYMPHOCYTES FROM MURINE 

ILEUM 

Mice were sacrificed following proper treatment, the Ileum removed and placed in ice-

cold RPMI. The ileum was opened longitudinally and washed with ice cold HBSS 1X 

(without calcium and magnesium) and cut into small pieces (~1cm). The tissue was 

incubated with a solution of HBSS 1X and DTT 1mM, for 30 minutes at 37°C, with 

agitation (150 rpm), to remove mucus. The supernatant was discarded and a new 

solution of HBSS 1X with EDTA 10mM was added. After 30 minutes of incubation at 37°C 

with agitation the sample was strongly vortexed and then forced through a stainless-

steel mesh (80µm) to obtain a single cell suspension. This passage was repeated two 
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times. The tissue was subjected to enzymatic digestion (see above) and then forced 

through a stainless-steel mesh (80µm) to obtain a single cell suspension. Single cells 

suspension was collected and filtered through a gauze to remove cellular clamps and 

large indigested tissue residues. Finally, the cell suspension was centrifuged for 5 

minutes at 1500 rpm. Afterwards, the supernatant was discarded, and the pellet 

resuspended in 1 ml of PBS/FBS 10%. 

In parallel Percoll gradient 70X, 40X, and 20X (1ml 40X and 1 ml of cells suspension) was 

prepared and 5 ml of 70X, 2 ml of 40X, and 2 ml of 20X were added carefully to keep the 

gradient intact. Then the centrifuge was set at 2500 rpm, 4°C temperature for 20 

minutes without brake. The ring between the 40X and 70X was collected in 15 ml tubes; 

PBS was added to fill up the tube and after inverting the tubes 2-3 times, cells were 

centrifuged for 6 minutes at 1600 rpm. Then, the supernatant was discarded and the 

pellet containing mononuclear cells of the ileal mucosa, were resuspended in PBS and 

quantified.  

4.10.1 IMMUNO-SORTING OF DENDRITIC CELLS FROM ILEAL MUCOSA OF MICE 

To isolate intestinal dendritic cells we used the EasySep Mouse CD11c Positive Selection 

Kit II (STEMCELL Technologies), which allows to isolate highly purified CD11c+ cells from 

spleen or other tissues by immune-magnetic positive selection. Desired cells are 

targeted with antibodies labeled with magnetic particles, and isolated using an EasySep 

magnet. Unlabeled cells are poured off, while desired cells remain in the tube. 

Cell suspension is adjusted to a concentration of 1 x 108 cells/mL in 1 ml of total volume. 

50 μL of rat serum were added to each sample. The sample was transferred in a 5mL (12 

x 75 mm) polystyrene round-bottom tube. 

Equal volume of “component A” and “component B”, antibodies mix provided by the 

manufacturer, was mixed to form the “selection cocktail”, 50 μL per sample of “selection 

cocktail” was necessary.  

Selection cocktail was added to the sample and incubated 5 minutes at room 

temperature to prepare cells for the next labeling step. 

Meanwhile RapidSphere, containing magnetic particles, was vortexed for at least 30 

seconds to disperse particles. Then 40 μL of RapiSphere were added to the sample and 

carefully mixed. After 3 minutes PBS, containing 2% FBS and 1 mM EDTA, was added to 
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sample up to 2,5 mL of total volume. The tube was then placed in the magnet for 3 

minutes to allow the cells labeled with antibodies carrying the magnetic particles to 

migrate along the side of the tube. After incubation, the magnet was inverted with the 

tube inside to pour of the liquid containing the unlabeled cells. Additional 2,5 mL of 

buffer were added to rinse cells and the tube was replaced in the magnet for 3 minutes 

and then poured off by inversion. Labeled cells were collected removing the magnet and 

adding 1 ml of PBS/BSA 2% to the tube. The presence of contaminant lymphocytes, 

macrophages and fibroblasts was excluded by cytofluorimetric analysis.  

4.11 TOTAL RNA EXTRACTION AND QRT/PCR 

RNA was extracted from purified dendritic cells using the E.Z.N.A Total RNA kit (omega 

Bio-Tek) following manufacturer’s instruction manual. 

Cell wall and plasma membrane disruption is essential for the release of RNA from the 

sample and homogenization is necessary to reduce the viscosity of the lysates. 

Homogenization shears genomic DNA and high molecular weight cell components 

obtaining a homogeneous lysate. 

Before starting with the RNA isolation cells were counted, then were centrifuged 5 

minutes at 1600 rpm, medium was discarded and pellet resuspended. For less than 5 x 

106 cells 350 μl of TRK lysis buffer were added, whereas for higher amount of cells 700 

μl were added. Cells were homogenized passing 10 times the samples through a 21 

gauge needle mounted on a syringe. Then 1 volume of ethanol 70% was added to 

samples and vortexed for 30 seconds. Immediately, 700 μl of sample were transferred 

to HiBind RNA Mini Column, and columns were centrifuged 13000 rpm for 1 minute at 

room temperature. The flow-through was discarded and this step was repeated in case 

there was left over sample. 

Column were washed by addition of 50 μl of RNA Wash Buffer I, followed by 

centrifugation for 1 minute at 13000 rpm. The flow-throw was discarded and 75 μl 

DNase digestion mix (73,5 μl of E.Z.N.A. DNase I Digestion Buffer and 1,5 μl of RNase-

free DNase) was added to each column. Columns were left to stand for 15 minutes at 

room temperature. Then, 250 μl of RNA Wash Buffer I were added to the column and 

left 2 minutes in incubation, before centrifugation 1 minute at 13000 rpm and the flow-
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throw was discarded. The column was washed with 500 μl of RNA Wash Buffer II added 

to the sample. Then the column was centrifuged 1 minute at 13000 rpm, the flow-

through discarded, and this procedure was repeat twice. Then the column was 

centrifuged 2 minutes at 13000 rpm to dry the membrane. Finally, to collect the RNA 

the column was placed on a 1,5 ml microcentrifuge tube and 35 μl Nuclease-free Water 

were added directly on the membrane. After 2 minutes RNA was eluted by 2 minutes 

centrifuge at 13000 rpm.  

RNA was quantified by measuring absorbance with spectrophotometer. Samples with a 

ratio of O.D. 260/280 nm in the 1.8–2 range and 260/230 nm ~2 were stored at -80 °C 

and used for qRT-PCR. 

4.11.1 QUANTITATIVE RT-PCR  

To assess the mRNA levels of selected genes qRT-PCRs were conducted in 12 µl reaction 

mix (table 5), using a SYBR green mixture (iScript One-Step RT-PCR kit with SYBR green, 

Bio-Rad) following the reported conditions:  

  DNA 

denaturation 

Amplification and 

extension cycles 

Dissociation curves 

cycle 

N° of cycles 1 1 40° 1 1 1 

Temperature(C) 50° 95° 95° 60°  95° 60° 95° 

Time (minutes) 10 10 0:15 0:30  0:15 0:20 0:15 

Table 4: qRT-PCR cycles protocol.  

The reaction mix was prepared as follows: 

 

 

 

 

 

 

Table 5: mix for qRT-PCR analysis. 

Gene specific primers were designed using conventional parameters and specificity of 

the primers were determined by comparison to the Gene Bank database using the 

Reagents Volume ( µl) 

iScript 0,125 

iTaq 5 

Primer mix 0,6 

H₂O 4,275 

RNA 2 



46 

 

Based Local Alignment Search Tool (BLAST). In particular, if possible, primers paired 

two different exons. 

To indagate the mRNA transcripts of the genes of interest, we used primers described 

in table 6 and table 7, murine Gapdh and human Gapdh were respectively used for 

normalization as an internal control (housekeeping). 

ABI PRISM 7000 Sequence Detection System (Applied Biosystem) was used.  

Gene  Sequence (5’---3’) Annealing Temp (°C) 

Sec14l Forward 

Reverse  

GGTCCTTCTGACAAGAGGAGT 

TCCAGCTGCCGTAGGTAGTA 

60 

Tspan6 Forward 

Reverse  

GCTGAGACTAAGCCGGTCA 

GGCTCACCTTGCCCCAAATG 

60 

Zbtb33 Forward 

Reverse  

CCTTGGCTCCTCTGCTCTTT 

TCTACTCTCCATGCCGGTTC 

60 

Gapdh Forward 

Reverse  

AGTGCCAGCCTCGTCCCGTA 

CAGGCGCCCAATACGGCCA 

60 

Table 6: mouse primer pairs used in qRT/PCR analysis. 

Gene  Sequence (5’---3’) Annealing Temp (°C) 

Sec14l Forward 

Reverse  

GCCGCTAGACTTCGGGC 

AACCCTCTCACACCTGTCTTG 

60 

Tspan6 Forward 

Reverse  

CGCTCGTAAGTTTTCGGCAG 

AGGATAACGCCAGTGATCCAG 

60 

Zbtb33 Forward 

Reverse  

GAGTGCGGCTTCTTCTTGTT 

GTGAAGTCAACAGACACTGCT 

60 

Gapdh Forward 

Reverse  

AACTTTGGTATCGTGGAAGGAC 

CAGTAGAGGCAGGGATGATGTT 

60 

Table 7: human primer pairs used in qRT/PCR analysi.s 

Data were analysed using the ΔΔCt method explained below, samples without 

treatment were used as control.  

We calculated the ΔCt to normalize samples with housekeeping gene: 

ΔCt = Ct target gene – Ct housekeeping gene 

then calculated average ΔCt: 

avg ΔCt = (ΔCt1 + ΔCt2 + ΔCt3 +…)/n° of samples 

after we calculated ΔΔCt to normalize samples with control: 

ΔΔCt = ΔCt of each sample – avg ΔCt of control 

In the end we calculated the fold change  
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Fold Change = 2-ΔΔCt 

Control was placed as 1, if mRNA production is downregulated experimental samples 

value is <1; on the contrary if sample value is >1 the mRNA production is upregulated. 

4.12 DNA EXTRACTION AND BISULFITE CONVERSION 

DNA extraction from purified DC was performed using Zymo Quick-DNA Miniprep Plus 

Kit; whereas for bisulfite conversion was used Zymo EZ DNA Methylation-Gold Kit which 

uses heat denaturation instead of chemical denaturation of the input DNA. Bisulfite 

conversion was necessary to convert non-methylated cytosines to uracil, while 

methylated cytosines remained unchanged, making methylated DNA different from the 

non-methylated one as reported in figure 4. 

 

Figure 9: on top, double stand DNA portion, on bottom the same strand after bisulfite conversion 

treatment; unmethylated cytosines were replaced by thymine. 

130 μl of the CT Conversion Reagent was added to 20 μl of DNA sample in a PCR tube. 

If the volume of the DNA sample was less than 20 μl, the difference was matched with 

Milli-Q water. Samples were mixed by flicking the tube or pipetting the sample up and 

down, then the liquid was spinned to the bottom of the tube. 

Sample tubes were placed in a thermocycler to perform the steps reported in Table 8. 

N° of cycle 1 1  

Temperature 98 64 4 

Time (minutes) 10 150 ꚙ 

Table 8: Thermocycler protocol used in this assay. First step for denaturation of the double 

strand, second step is for the heat denaturation for the following conversion reaction.  

After these steps, 600 μl of M-Binding Buffer were added to a Zymo-Spin column with 

collection tube and then sample was pipetted in the column, after inverting several 

times, the column was centrifuged 30 seconds at 13000 rpm. The flow-through was 

discarded and 100 μl of M-Wash buffer were added to the column. Then samples were 

centrifuged at full speed for 30 seconds and the flow-through was discarded.  
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200 μl of M-Desulphonation Buffer was added to the column and sample was incubated 

at room temperature (20-30°C) for 15-20 minutes. After the incubation, the sample was 

centrifuged at full speed for 30 seconds. After discharged the collection tube, 200 μl of 

M-Wash Buffer were added to the column and the centrifuged at full speed for 30 

seconds. This washing step was repeated twice.  

After discarding the flow-through an additional centrifuge was set for 2 minutes at full 

speed. Then, the column was placed into a 1.5 ml microcentrifuge tube. 10 μl of M-

Elution Buffer were added directly to the column matrix and incubated 5 minutes. Then 

sample was centrifuged for 30 seconds at full speed to elute the DNA. 

DNA was quantified with spectrophotometer (Nanodrop one, Thermo Scientific). 

4.13 PCR (POLYMERASE CHAIN REACTION) OF CPG ISLANDS 

To increase in quantity the selected promotorial regions, PCR was set paying attention 

to choose the best annealing temperature for each couple of primers. To determine the 

best annealing temperature for each couple of primers, PCR were performed at different 

annealing temperature. Amplicons were fractionated on 2% agarose gel ran in TBE 1x 

buffer and observed with Uvitec (Alliance) with UV light. The highest annealing 

temperature at which it was possible to see the band was chosen. 

Reaction conditions was set as reported in Table 9.  

N° of cycle 1 35   1  

Temperature 95 95 54-56-58 72 72 4 

Time (minutes) 10 00:15 1 0:30 7 ꚙ 

Table 9: Thermocycler protocol used in this assay. For each primer couple was before tested the 

best annealing temperature:sec14l 54°C, zbtb33 56°C, tspan6 58°C. 

The mix was prepared as indicated in Table 10. After PCR, 2% agarose gel was prepared 

as follow and run loading 12 µl of sample mixed with 3 µl of loading buffer 6x. (Loading 

buffer stock was prepared mixing 3,3 ml of glycerol, 6,7ml of Milli-Q water, 25 mg of 

xylene and stored at 4°C) 

The gel was observed at the transilluminator (Sigma) with UV light.  
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Table 10: qRT-PCR reaction mix. 

 

Gene  Sequence (5’---3’) Annealing Temp (°C) 

Sec14l Right 

Left  

AAAACATTTAAAAATCCTAAAA 

GGAATAATAGTGATATTGATGG 

54 

Tspan6 Right 

Left  

AACAACCTCCTAAAAATAACCCTCTA 

TTTAAAAGATGAAAGTGTAGATTAAGAGAA 

56 

Zbtb33 Right 

Left  

CCCTAAAACTTATACAAAAATACC 

GTAGGTGAGGAGTGGGTTG 

58 

Pjet1.2 

seq fw 

Forward CGACTCACTATAGGGAGAGCGGC  

Table 11: Primer couples used for bisulfite sequencing. 

Primers reported in table 11 were designed using Methprimer tool, avoiding areas in 

which methylation of cytosines was possible and flanking DNA tracts in which cytosines 

methylation was more likely. 

4.14 BISULFITE SEQUENCING 

4.14.1 BLUNTING AND LIGATION 

PCR products were purified using a clean-up PCR kit (Qiagen). After spectrophotometer 

quantification, amplicons underwent a blunting and ligation treatment using a CloneJET 

PCR Cloning kit (Thermo Scientific). 

The blunting reaction was set up, on ice, as reported in Table 12. 

 

 

 

 

 

 

Table 12: Blunting reaction mix. 

 

Reagents  Volume (µl) 

Buffer 5 

Taq polymerase 0,4 

Primer mix 3 

dNTPS 1 

H20 38,6 

DNA 1 

Reagents  Volume (µl) 

Reaction buffer 10 

PCR product 15 ng 

Water Up to 17 

Blunting enzime 1 

Final volume 18 
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Samples were vortexed and placed 5 minutes in thermoblock at 72°C, and then chilled 

on ice. 1 µl of T4 ligase and 1 µl of pJET1.2 blunt cloning vector were added for the 

ligation reaction to each sample. After mixing, samples were incubated for at least 5 

minutes at room temperature (22°C). Following the ligation reaction, samples were 

ready to be transformed in E. coli top10 competent cells. 

4.14.2 TRANSFORMATION 

A vial containing 100 µl of frozen TOP10 was thawed in ice, for each transformation 

reaction. Ligation product was pipetted into the vial stirring gently and incubated for 30 

minutes on ice. 

The vial was then placed in the thermoblock for the heat shock (1 minute at 42°C) and 

immediately transferred to ice. 

1 ml of room temperature LB medium was added to the vial and then placed in an 

incubator for 1 hour at 37°C and 225 rpm. 

The vial was centrifuged for 1 minute at 10000 rpm and 900 µl of supernatant was 

discarded paying attention to not disturbing the pellet. Pellet was resuspended in the 

remaining medium and spread on LB agar plate containing ampicillin (amp) 100 µg/ml. 

Plates were incubated overnight at 37°C. The following day, 10 colonies were picked, 

inoculated in 5 ml of LB amp, and incubated overnight at 37°C, with shaking (150rpm). 

4.14.3 PLASMID PURIFICATION 

Plasmid DNA was extracted from each culture using HiYield Plasmid Mini kit (RBC 

Bioscience) following the manufacturer’s manual.  

Overnight bacterial culture was centrifuged 5 minutes at 5000 rpm and 4°C of 

temperature. Supernatant was discarded and cell pellet was resuspended in 200 µl of 

PD1 buffer, containing RNase. Samples were transferred in 1,5 ml tubes and 200 µl of 

PD2 Buffer were added and immediately mixed inverting tube 10 times. After 2 minutes 

at room temperature for lysis reaction, 300 µl of PD3 Buffer were added to neutralize 

the reaction, and after inverting 10 times the tubes, samples were centrifuged 10 

minutes at 13000 rpm at room temperature. 

The supernatant was poured in PD Column with collection tube and centrifuged 30 

seconds at 13000 rpm. Then the filtrate was discarded and 400 µl of W1 buffer were 

added to was the column and immediately centrifuged 30 seconds at 13000 rpm. 

Discarded the flow through 600 µl of Wash Buffer were added to the column, for an 
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additional washing step, and centrifuged 30 seconds at 13000 rpm. Then flow Through 

was discarded and column was centrifuged 3 minutes at 13000 rpm to dry the column 

matrix. 

Columns were transferred on 1,5 ml microcentrifuge tubes and 35 µl of Nuclease-free 

water were added to the matrix and after 2 minutes plasmidic DNA was eluted by 2 

minutes centrifuge at 13000 rpm. 

DNA was then quantified with spectrophotometer and prepared for the sequencing as 

follow: 5 µl of the sample at 100 ng/µl concentration plus 5 µl of forward primer (Table 

11) at 5 pmol/µl concentration, sequencing was performed by Eurofins Genomics. 

Nucleotide sequences of 6-12 independent clones per sample were analyzed. 

4.14.4 BIOINFORMATIC ANALYSIS 

Sequences obtained were first screened on Benchling, to verify sequencing accuracy, 

comparing sequences with their respective reference sequences obtained from NCBI. 

Sequences that passed the screening were analyzed on the dedicated program Biq 

analyzer168. Biq analyzer is a specific tool to analyze DNA cytosines methylation.  

The program compares the inserted sequences to a reference sequence highlighting 

methylated and unmethylated cytosines. Sequences that differ from the reference one 

by more than 80% of their extension can be excluded from the analysis. 

Finally the ratio between methylated and non-methylated cytosines of the analyzed 

samples is obtained; the methylation ratio of each individual cytosine of the analyzed 

amplicon can also be obtained. 

4.15 REDUCED REPRESENTATION BISULFITE SEQUENCING (RRBS) 

4.15.1 RRBS LIBRARY PREPARATION 

Reduced representation bisulfite sequencing was performed, by Zymo research, to 

indagate the DNA methylation of regions rich in cytosines. 

RRBS Library preparation: 300 ng of starting input genomic DNA was digested with 30 

units of MspI (NEB). Fragments were ligated to pre-annealed adapters containing 5’-

methyl-cytosine instead of cytosine according to Illumina’s specified guidelines. 

Adaptor-ligated fragments ≥50 bp in size were recovered using the DNA Clean & 

Concentrator™-5. The fragments were then bisulfite-treated using the EZ DNA 

Methylation-Lightning™ Kit. Preparative-scale PCR was performed and the resulting 
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products were purified with DNA Clean & Concentrator™-5 for sequencing on an 

Illumina platform.  

4.15.2 BIOINFORMATIC ANALYSIS 

Sequence alignments and data analysis: sequence reads from bisulfite-treated Classic 

RRBS libraries were identified using standard Illumina base calling software and then 

raw FASTQ files were adapted, filled-in nucleotides, and quality trimmed using 

TrimGalore 0.6.4. FastQC 0.11.9 was used to assess the effect of trimming and overall 

quality distributions of the data. Alignment to the mm10 reference genome was 

performed using Bismark 0.22.3. Methylated and un-methylated read totals for each 

CpG site were called using MethylDackel 0.5.0. The methylation level of each sampled 

cytosine was estimated as the number of reads reporting a C, divided by the total 

number of reads reporting a C or T. 

Obtained data were subjected to further analysis to find and select candidate genes to 

be investigated. Cytoscape improved with Cluego tool was used to group genes with 

functions related to the immune system. Then those genes have been checked manually 

on Methprimer and Ensembl, to check for the presence of CpG islands in the promoters, 

and the results of the RRBS analysis were also re-checked to verify if the methylation 

changes of the selected genes were detected in the promotorial region.  

4.16 STATISTICAL ANALYSIS 

Data were analyzed by two-way analysis of variance (ANOVA) followed by Bonferroni 

multiple comparison post hoc test using GraphPad Prism (version 6.0). Differences were 

considered significant at p<0,05: *p<0,05; **p<0,01; ***p<0,001. 
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5 RESULTS 

5.1 EFFECT OF B. ANIMALIS HN019 SUPPLEMENTATION ON DENDRITIC 

CELLS AND LYMPHOCYTES IN THE INTESTINAL MUCOSA 

Being already known that probiotics effects are strain-specific169, we firstly decided to 

verify the immuno-modulatory effect of B. animalis ssp lactis HN019, in mucosal and 

circulating immune cells of C57BL/6 mice supplemented orally with the probiotic. 

Through flow cytometer analysis, we assessed the effects of a probiotic 

supplementation, on the phenotype of dendritic cells and lymphocytes from Peyer 

Patches, a major site of antigens-immune system interaction and on circulating blood 

lymphocytes. 

5.1.1 MUCOSA 

• Dendritic cells 

After two weeks of probiotic supplementation, we evaluated the impact on gut 

immune cells. We compared the effects of two probiotic strains: B. animalis ssp lactis 

HN019 and L. rhamnosus. In mice that received B. animalis ssp lactis HN019 

supplementation, we observed a significant increase of TLR2, CD80+ and CD206+ 

expression in CD11c+ dendritic cells (Figure 10). On the contrary B. animalis ssp lactis 

HN019 supplementation didn’t modify MHC-I+ and TLR4+ expression in CD11c+ cells 

(Figure 10). Oral supplementation of L. rhamnosus had no effect on TLR2+, CD80+ 

and MHC-I+, reduced expression CD206+ and increased TLR4+ expression in CD11c+ 

dendritic cells. Overall, B. animalis ssp lactis HN019 stimulates dendritic cells 

maturation whereas L. rhamnosus effects were marginal on dendritic cells.  
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Figure 10. B. animalis HN019 supplementation stimulates dendritic cells maturation. After 

sacrifice, dendritic cells were isolated from Peyer Patches, labelled with the reported antibodies, 

and subjected to cytofluorimetric analysis. (a) CD11c+ TLR2+ cells, (b) CD11c+ CD80+ cells, (c) 

CD11c+ CD206+ cells, (d) CD11c+ MHCI+ positive cells, (e) CD11c+ TLR4+ cells. Control mice 

received an equivalent dose of sterile MRS for the duration of the treatment. (n = 5-9) 

• Lymphocytes 

We found immunomodulatory effects after probiotic administration also in intestinal 

mucosa lymphocytes. Actually, lymphocytes polarization varied following probiotic 

supplementation. B. animalis ssp lactis HN019supplementation induced increased levels 

of CD3+ CD8+, and CD4+ CD25+ cells, respectively marker for T cytotoxic and T reg170 

(Figure 11). In particular, IFNγ+ cells were incremented among T cytotoxic cells, whereas 

among T reg, FOXP3+ cells (essential in tolerogenic immune response induction171) were 

slightly increased. On the contrary, B. animalis ssp lactis HN019 supplementation had 

no effect on CD3+ CD4+ and CD3+ CD4+ IL4+ cells. As showed in Figure 11, L. rhamnosus 

administration failed to modify lymphocytes sub-populations and Th1/Th2 ratio. 

Since L. rhamnosus showed no significant variation from the control group, this probiotic 

strain was used in some subsequent experiments as a negative control. 
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Figure 11. B. animalis HN019 supplementation stimulates mucosal lymphocytes polarization. 

After sacrifice, lymphocytes were isolated from Peyer Patches, labelled with the reported 

antibodies, and subjected to cytofluorimetric analysis. (a) CD3+ CD4+ cells, (b)CD3+ CD4+ IL4+ 

cells, (c) CD3+ CD8+ cells, (d) CD3+ CD8+ INFγ+ cells, (e) CD4+ CD25+ cells, (f) CD4+ CD25+ FOXP3+ 

cells. Control mice received an equivalent dose of sterile MRS for the duration of the treatment. 

(n = 5-9) 

5.1.2 BLOOD 

After confirming the activity of probiotics on the intestinal mucosa, we determined 

whether the immune-modulating effects of probiotic supplementation could also 

extend to the systemic compartment. After having purified lymphocytes from mice 

blood we performed flow cytometry analysis using the same set of marker used for 

mucosal lymphocytes analysis. 

In blood from young male C57/BL6 mice supplemented with B. animalis ssp lactis HN019 

we detected a slight increase in CD3+ CD8+ and CD4+ CD25+ cells (Figure 12). Moreover 

an evident increment in CD3+ CD8+ IFNγ+ and CD4+ CD25+ FOXP3+ cells, among T 

cytotoxic and T-reg cells respectively, were detected (Figure 12). These data are 

interesting since they mirrored the increment in T-reg, cytotoxic T lymphocytes 

observed in the mucosal cells. Accordingly, CD3+ CD4+, and CD3+ CD4+ IL4+ cells groups 

didn’t show any relevant change, as observed in the immune cells in the intestinal 

mucosa (Figure 12).  
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Figure 12. B. animalis HN019 supplementation stimulates circulating lymphocytes polarization. 

Blood was collected through in cardiac puncture then lymphocytes were isolated, labelled with 

the reported antibodies, and subjected to cytofluorimetric analysis. (a) CD3 CD4 positive cells, 

(b)CD3 CD4 IL4 positive cells, (c) CD3 CD8 positive cells, (d) CD3 CD8 INFγ positive cells, (e) CD4 

CD25 positive cells, (f) CD4 CD25 FOXP3 positive cells. Control mice received an equivalent dose 

of sterile MRS for the duration of the treatment. (n = 4-8) 

5.1.3 HUMAN DENDRITIC CELLS 

To assess the relevance to human immune cells we performed experiments using an in 

vitro model of intestinal mucosa, using co-culture of polarized epithelial cells (CACO2) 

with dendritic cells in a transwell apparatus. As shown in Figure 13, exposure of 

epithelial cells to B. animalis ssp lactis HN019 induces in co-cultured dendritic cells 

effects comparable to those seen in the mouse model. Thus, following exposure of 

luminal side of Caco2 monolayers to the probiotic, DCs showed increased TLR2+, CD80+ 

and CD206+ cells (Figure 12). Moreover, exposure of epithelial cells to B. animalis ssp 

lactis HN019 had no effect on TLR4 positive DCs, thus imitating the picture observed in 

vivo in murine intestinal DCs (Figure 12).  



57 

 

 

Figure 13 Exposure of epithelial cells (CACO2) to B. animalis HN019 stimulates dendritic cells 

maturation. Dendritic cells, differentiated from circulating monocytes, were co-cultured with 

epithelial cells exposed on the apical surface to B. animalis HN019. Dendritic cells were collected, 

labeled with the reported antibodies and subjected to flow cytometric analysis. (a) TLR2+ cells, 

(b) CD80+ cells, (c) CD206+ cells, (d) TLR4+ cells. (n = 3-5) 

 

5.2 RRBS 

Having confirmed the immunomodulatory effect of B. lactis administration in both 

murine intestinal mucosa and in vitro human model we decided to verify if B. animalis 

ssp lactis HN019 administration could induce epigenetic modifications on host’s DNA in 

line with the immunomodulatory effects observed172. Since it is known that microbiota 

can induce epigenetic modifications173, particularly DNA cytosines methylation, we 

decided to specifically indagate the effect of a strong immunomodulatory strain on 

cytosines methylation pattern in a key mucosal immune cell: dendritic cells.   
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We therefore compared by RRBS analysis the level and distribution of DNA cytosines 

methylation of purified dendritic cells from ileum of control mice and animals 

supplemented with B. animalis ssp lactis HN019.  

This RRBS analysis highlighted significant differences in the overall level of DNA cytosines 

methylation (Figure 14). Moreover, level of DNA cytosine methylation in regions of DNA 

corresponding to gene promoters significantly differed between control and B. animalis 

ssp lactis HN019 supplemented mice. These differences are potentially relevant of 

cellular physiology since difference in promoter methylation can affect expression of the 

associate gene. 

RRBS data highlighted 707 regions showing different methylation levels between 

dendritic cells isolated from control and B. animalis ssp lactis HN019 treated mice, in 

particular 152 analyzed regions resulted more methylated in B. animalis ssp lactis HN019 

treated mice, while 555 regions resulted less methylated compared to control mice 

group. 
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Figure 14: Differentially methylated single cytosines pattern in mice supplemented with B. 

animalis HN019 as compared to control mice. 
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Figure 15. Genomic sequences corresponding to promoter regions show a different methylation 

pattern in mice supplemented with B. animalis HN019 as compared to control mice.  

We performed a bioinformatic analysis, according to the characteristics of the genes 

showing differential level of DNA cytosines methylation. Among these regions we have 

selected those belonging to genes afferent to the immune system (Figure 16), and 

among those we have selected only promotorial areas. 
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Figure 16: Webs grouping genes afferent to immune system. 

5.3 SEC14L, EDA, TAB3, IRAK1, NKRF, ZBTB33, IKGKB, TSPAN6 MRNA LEVELS 

FOLLOWING B. ANIMALIS HN019 SUPPLEMENTATION 

According to RRBS analysis we selected 8 genes namely sec14l, eda, tab3, irak1, nkrf, 

zbtb33, ikgkb and tspan6 to investigate more deeply the methylation status of related 

promoters. Among these selected genes, sec14l was the only gene whose promoter was 

found to be more methylated whereas all the other resulted less methylated after B. 

animalis ssp lactis treatment. Initially, we performed a qRT-PCR to quantify mRNA levels 
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in intestinal mucosa dendritic cells of genes sec14l, eda, tab3, irak1, nkrf, zbtb33, ikgkb 

and tspan6.  

GENE FUNCTION Promoter’s methylation 
status after B. animalis 

HN019 treatment 

Sec14l Negative regulator of antiviral RIG-1 

signaling pathway. 

More methylated 

Eda  Modulate Th1 cytotoxic response. Less methylated 

Tab3 Mediates inflammatory cytokines 

production. 

Less methylated 

Irak1 Mediate TLR/IL-1r signaling for cytokines 

production and T cells activation. 

Less methylated 

Nkrf Nf-kb repressing factor. Less methylated 

Zbtb33 Involved in histones epigenetic 

modification binding CGCG motifs; 

involved in T cell development. 

Less methylated 

Ikgkb Role in downregulation of Nf-kb. Less methylated 

Tspan6 Play a role in cellular development, 

regulation, and motility. Negative 

regulator of RIG-1. 

Less methylated 

Table 13: genes selected from bioinformatic analysis, and promoter methylation status after B. 

animalis HN019 administration. 

 The quantification of gene mRNA level reveals that not all selected genes seem to be 

influenced by the methylation status of their promoters. According to the level of DNA 

cytosines methylation, we observed a significant reduction in mRNA levels between 

control and B. animalis ssp lactis HN019treated mice for sec14l gene. zbtb33 mRNA 

levels showed a significant increment, according with the methylation status of its 

promoter (Table 13). Finally, tspan6 mRNA levels turned out to be significantly 

decreased. The mRNA levels of eda, tab3, irak1 nkrf, zbtb33 and ikgkb in B. animalis 
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HN019 treated mice did not show significant differences between control and treated 

mice and were not further investigated (Figure 18). 

 

Figure 17: B. animalis HN019 supplementation impacts on sec14l, tsapn6 and zbtb33 

expression. After sacrifice, dendritic cells were isolated from ileum, RNA was extracted for the 

subsequent analysis. (a) sec14l mRNA levels in mouse mucosal dendritic cells; (b) tspan6 mRNA 

levels in mouse mucosal dendritic cells; (c) zbtb33 mRNA levels in mouse mucosal dendritic cells 

(data are represented as mean ± SEM, n= 3-6); 

 

Figure 18: B. animalis HN019 supplementation doesn’t affectsec14l, tsapn6 and zbtb33 
expression. After sacrifice, dendritic cells were isolated from ileum, RNA was extracted for the 

subsequent analysis. (a) eda mRNA levels in mouse mucosal dendritic cells, (b) tab3 mRNA levels 

in mouse mucosal dendritic cells, (c) irak1 mRNA levels in mouse mucosal dendritic cells, (d) nkrf 

mRNA levels in mouse mucosal dendritic cells, (e) ikgkb mRNA levels in mouse mucosal dendritic 

cells (data are represented as mean ± SEM, n= 4-6) 
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5.4 SEC14L, ZBTB33, TSPAN6 PROMOTER METHYLATION PATTERN FOLLOWING B. 

ANIMALIS HN019 SUPPLEMENTATION 

 

Therefore, we focused on sec14l, tspan6 and zbtb33 genes and we analysed the 

methylation status of their promoter in more detail performing a bisulfite sequencing 

analysis.  

5.4.1 SEC14L 

 

Figure 19. B. animalis HN019 supplementation impacts on DNA cytosines methylation in mice 

mucosal dendritic cells. After sacrifice, dendritic cells were isolated from ileum. After extraction, 

DNA was bisulfite converted for the subsequent analysis. (a) Cytosine methylation ratio for 

Sec14l promoter in mice control group (n=3, minimum 6 clones sequenced per mouse); (b) 

Cytosines methylation ratio for sec14l promoter in mice treated group (n=3, minimum 6 clones 

sequenced per mouse).  

We analysed cytosines methylation in sec14l promoter. By bisulfite sequencing we 

confirmed that methylation status of the sec14l promoter is influenced by B. animalis 

HN019 supplementation. Indeed, according with qRT-PCR results (Figure 17) we 

observed a slight increase of methylated cytosines in treated mice group. 
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5.4.2 ZBTB33 

 

Figure 20. B. animalis HN019 supplementation impacts on DNA cytosines methylation in mice 

mucosal dendritic cells. After sacrifice, dendritic cells were isolated from ileum. After extraction, 

DNA was bisulfite converted for the subsequent analysis. (a) Cytosine methylation ratio for 

Zbtb33 promoter in mice control group (n=3, minimum 6 clones sequenced per mouse); (b) 

Cytosines methylation ratio for Zbtb33 promoter in mice treated group (n=3, minimum 6 clones 

sequenced per mouse). 

Next, we analysed the CpG island in zbtb33 promoter. The promoter sequence of zbtb33 

gene turned out to be demethylated in DCs from ileal mucosa of mice supplemented 

with B. animalis HN019  (Figure 20). Accordingly, zbtb33 gene mRNA levels in mucosal 

DC resulted significantly up-regulated as compared to the control group (Figure 17). 



66 

 

5.4.3 TSPAN6 

 

Figure 21: B. animalis HN019 supplementation impacts on DNA cytosines methylation in mice 

mucosal dendritic cells. After sacrifice, dendritic cells were isolated from ileum. After extraction, 

DNA was bisulfite converted for the subsequent analysis. (a) Cytosine methylation ratio for 

Tspan6 promoter in mice control group (n=3, minimum 6 clones sequenced per mouse); (b) 

Cytosines methylation ratio for Tspan6 promoter in mice treated group (n=3, minimum 6 clones 

sequenced per mouse). 

Finally, we investigated the CpG island in tspan6 promoter. We observed a total 

demethylation also in tspan6 promoter of DC from the ileal mucosa of mice after B. 

animalis HN019 treatment. However, tspan6 gene mRNA levels in mucosal DC resulted 

down-regulated as compared to the control group (Figure 21). 

5.5 SEC14L, ZBTB33, TSPAN6 EXPRESSION IN MURINE MUCOSAL 

DENDRITIC CELLS FOLLOWING B. ANIMALIS HN019 

SUPPLEMENTATION 

 
Figure 22: B. animalis HN019 supplementation impacts the expression of sec14l, kaiso and 

tspan6 in mice mucosal dendritic cells. After sacrifice, dendritic cells were isolated from Peyer 

Patches and labelled with proper antibodies. (a) CD11c+ CD80+ Sec14l+ cells in mouse mucosal 
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dendritic cells; (b) CD11c+ CD80+ Kaiso+ cells in mouse mucosal dendritic cells; (c) CD11c+ CD80+ 

Tspan6+ positive cells in mouse mucosal dendritic cells (n = 6-8). 

We performed a flow cytometry analysis on dendritic cell from mice Peyer Patches to 

assess whether variations in specific promoter’s cytosines methylation and mRNA levels 

detected before, result in a variation in the expression of the corresponding protein. We 

decided to proceed with a double labeling (CD11C CD80) on cells to be sure to consider, 

for the analysis, a population of cells influenced by B. animalis ssp lactis HN019 activity 

(Figure 10). 

We detected a strong decrease of CD11c+ CD80+ Sec14l+ cells in mucosal dendritic cells 

according with methylation status of sec14l promoter (Figure 17) and mRNA expression 

(Figure 19). 

Kaiso is the protein encoded by zbtb33 gene and flow cytometry revealed an increment 

of CD11c+ CD80+ Kaiso+ cells after B. animalis HN019 supplementation confirming data 

obtained on promoter methylation (Figure 20) and mRNA levels (Figure 17). 

Finally, according with the demethylation of tspan6 promoter (Figure 21), CD11c+ CD80+ 

Tspan6+ cells were increased after B. animalis HN019 supplementation but in contrast 

to mRNA levels of Tspan6 (Figure 17). 

For this analysis we used L. rhamnosus as negative control, since it failed to modify 

intestinal DCs phenotype. As expected and shown in Figure 22, L. rhamnosus 

administration had no effect on the expression of Kaiso, Tspan6, and sec14l. 

5.6 SEC14L, ZBTB33, TSPAN6 MRNA LEVELS IN HUMAN DENDRITIC CELLS 

FOLLOWING B. ANIMALIS HN019 EXPOSURE 
To observe whether the treatment with B. animalis HN019 influences gene expression 

also in human dendritic cells we used an in-vitro model of intestinal barrier through co-

culture of CACO-2 cells and primary human dendritic cells in transwell. By this method, 

we evaluated if addition of B. animalis HN019 to colon epithelial cells (CACO2) influences 

development of human immune system cells, specifically dendritic cells. 
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Figure 23: B. animalis HN019 exposure modify sec14l, zbtb33, tspan6 gene expression on 

human DCs. After B. animalis HN019 exposure cells were collected, and RNA was extracted to 

perform qRT-PCR. (a) sec14l mRNA levels in human dendritic cells; (b) zbtb33 mRNA levels in 

human dendritic cells; (c) tspan6 mRNA levels in human dendritic cells (data are represented as 

mean ± SEM, n = 4-5) 

The RNA extracted from the human dendritic cells was used to quantify by qRT-PCR the 

transcripts of interest. We noticed a slight decrease in mRNA levels of sec14l after B. 

animalis HN019 exposure, even if the decrease was not statistically significant.  

While mRNA levels of zbtb33 and tspan6 were strongly increased compared to the 

control group in both cases. 

5.7 SEC14L, ZBTB33, TSPAN6 EXPRESSION IN HUMAN DENDRITIC CELLS 

FOLLOWING B. ANIMALIS HN019 EXPOSURE 
 

 

Figure 234: B. animalis HN019 exposure modify Sec14l, Zbtb33, Tspan6 expression on human 

DCs. After B. animalis HN019 exposure cells were collected, washed and labeled for the 

subsequent analysis (a) CD80+ Sec14l+ cells in human dendritic cells; (b) CD80+ Kaiso+ cells in 

human dendritic cells; (c) CD80+ Tspan6+ cells in human dendritic cells (n = 4). 

To investigate whether B. animalis HN019 has similar effects on human mucosal DCs, 

we used the in vitro model with transwells (see Methods). Following exposure of Caco2 

cells to B. animalis HN019, DCs were subjected to cytofluorometric analysis (Figure 24). 
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Human model CD80+ Sec14l+ cells were significantly increased after B. animalis HN019 

exposure contrasting with the result obtained in the dendritic cells of the mouse mucosa 

(Figure 22). We observed a significative increment in CD80+ Kaiso+ cells treated with b. 

animalis HN019, while no variations was detected in dendritic cells treated with L. 

rhamnosus as negative control. Finally CD80+ Tspan6+ cells resulted significantly 

increased after B. animalis HN019 exposure, and also in this case the negative control, 

treated with L. rhamnosus, didn’t show appreciable changes in CD80 Tspan6 positive 

cells. 

5.8 SEC14L, ZBTB33, TSPAN6 EXPRESSION IN MURINE CIRCULATING 

DENDRITIC CELLS FOLLOWING B. ANIMALIS HN019 

SUPPLEMENTATION 

In order to assess if probiotic effects can be quantifiable in circulating cells, we analyzed 

mice dendritic cells from blood through flowcytometry. 

 

Figure 24: B. animalis HN019 doesn’t affect Sec14l, Kaiso, Tspan expression on circulating DCs.  
Blood was collected through in cardiac puncture then lymphocytes were isolated, labelled with 

the reported antibodies, and subjected to cytofluorimetric analysis. (a) CD11c CD80 Seca14l 

positive cells in mouse circulating dendritic cells; (b) CD11c CD80 Kaiso positive cells in mouse 

circulating dendritic cells; (c) CD11c CD80 Tspan6 positive cells in mouse circulating dendritic 

cells (n = 4) 

In circulating dendritic cells CD11c+ CD80+ Sec14l+ and CD11c+ CD80+ Kaiso+ dendritic 

cells in control and  B. animalis HN019 mice were comparable. On the contrary CD11c+ 

CD80+ Tspan6+ Dendritic cells showed a 15% increase, although not statistically 

significative for the relative low number of specimens. Finally also in this case the 

negative control L. rhamnosus was not able to cause appreciable variations. 
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6 DISCUSSION AND CONCLUSIONS  

The interest regarding probiotics is constantly increasing in recent years, the number of 

scientific studies published on the subject and the continuous research of new probiotic 

strains by scholars and companies in the sector are the proof. Several studies have 

proposed probiotics not only as supplements, but also as possible remedies for more or 

less serious ailments, ranging from common intestinal disorders to the treatment of 

hypertension174,  allergies and autoimmune diseases175, adjuvants in the treatment and 

prevention of cancer176,177, and in psychiatric disorders102. Also from the economic point 

of view probiotics’ market is booming, probiotic supplement market is close to 7 billion 

dollars, the whole probiotic market including fermented food and beverage was valued 

in 57,8 billion dollars in 2022, economists in the field predict a continuous annual 

increase between 7.5% and 8.1%. With a growth forecast to reach a total value of 

between 87 and 111 billion dollars in 2030178–181. This growing interest in the world of 

probiotics is an extraordinary motivation to deepen the knowledge of mechanisms of 

action of these important supplements, hitherto neglected, and still not fully 

understood182,183,184.  

A novel mechanism of gut microbiota in regulating host’s homeostasis are epigenetic 

modifications in mucosal immune cells13,185. Epigenetic modifications represent an 

intriguing mechanism to imprint immune cells activities, even in extra-intestinal tissue 

(i.e. respiratory tract and skin).  Currently few studies are available concerning probiotics 

and their ability to induce epigenetic modifications in the host186,187 and none about B. 

animalis HN019.  

B. animalis HN019 is a well-known probiotic strain, since many studies demonstrated its 

beneficial effects both in murine models and in human trials. Among B. animalis HN019 

known effects are the ability to stimulate gut transit in humans, to relieve symptoms in 

subjects with irritable bowel disease and constipation132, and to boost immune systems 

through immune-modulatory effects112. In this study, we confirm the vigorous immune-

stimulating properties of this probiotic on mucosal immune cells following oral 

supplementation in a murine model. In line with previous studies, we observed that B. 

animalis HN019 oral supplementation induces a strong mucosal dendritic cells 

https://www.sciencedirect.com/topics/medicine-and-dentistry/irritable-bowel-syndrome
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maturation in mice, increasing CD11c+ CD80+ cells, CD11c+ CD206+ cells and CD11c+ TLR2+ 

cells188,189.  

Moreover, B. animalis HN019 stimulated the increase in T-reg and cytotoxic T-cells 

population both in mucosal and circulating cells (Figure 11) as reported in previous 

studies 29,190,191.  

The markers used in fact, are indicative for dendritic cells maturation, particularly to 

defend from microbial infection with an increase number of cells presenting CD80, TLR2 

and CD206 on their surface192–194 and lymphocytes polarization towards T cytotoxic and 

Treg phenotypes, the latter very useful in tolerogenic response and prevention of 

autoimmune diseases171. On the other hand, L. rhamnosus oral supplementation failed 

to significantly affect DCs maturation and mucosal lymphocytes polarization, this could 

be related to dose/time of subministration195. 

Then, we focused on epigenetic modifications in mucosal DCs, key cell population 

directing the outcome of immune responses. We decided to investigate DNA cytosines 

methylation, one of the most studied epigenetic modifications, which influences and 

regulates gene expression196. Although few data are available on epigenetic 

modifications in animals exposed to probiotics, no data are available on specific 

epigenetic changes induced by probiotics in mucosal DCs. Therefore, we performed an 

RRBS analyses on ileal dendritic cells from mice supplemented orally with B. animalis 

HN019. We demonstrated, for the first time, that B. animalis HN019 oral 

supplementation significantly impacts on DNA cytosines methylation, affecting the 

methylation of at least 3000 individual cytosines (Figure 14), and 707 cytosine-rich 

regions present on promoters or genes (Figure 15): numbers that provide an idea of the 

impact on the epigenetic modifications induced by a probiotic strain on a singular cell 

population of the host. Previous studies have showed that supplementation with L. 

fermentum induced epigenetic changes in intestinal epithelial cells197. 

B. animalis HN019 supplementation induces mostly demethylation of cytosines. Thus, 

among the 707 differently methylated areas that we have detected, 505 resulted less 

methylated compared the control group. Reduced cytosine methylation could results in 

a potential increment in the proteins coded by the genes involved. The remaining 152 

regions are more methylated than the control group, with a possible reduction in the 

expression of the genes13. Previous studies reported that commensal bacteria induced 
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changes in DNA methylation pattern was associated to significant changes in specific 

proteins198. Intriguingly, by bio-informatic analysis we identified several genes involved 

in immune responses. We selected only genes in which promoter methylation resulted 

modified after B. animalis HN019 administration. Overall, our data indicate that an 

immuno-modulatory probiotic strain induces selective epigenetic modifications in genes 

involved in immune responses. However, the analysis of specific mRNA transcripts 

revealed that 5 selected genes eda, tab3, irak1, nkrf, ikgkb were not affected by B. 

animalis HN019 supplementation, whereas sec14l, zbtb33 and tspan6 mRNA levels were 

significantly changed. Thus, as expected, only the expression of a few genes showing 

changes in DNA methylation status of the promoter was significantly affected following 

B. animalis HN019 administration. Indeed, it is well accepted that levels of target 

proteins are governed by complex regulatory mechanisms, affecting gene transcription, 

mRNA translation and protein stability199. Thus, in our in vivo system, it is possible that 

only changes in cytosine methylation were not adequate, quantitatively and 

qualitatively, to modify gene transcription200. 

To further investigate the methylation status of sec14l, zbtb33, and tspan6 promoters 

we used bisulfite sequencing analysis. This is a very useful technique that allows to 

investigate in detail the methylation of small regions of DNA, but it is a very long and 

tricky method. It is necessary to convert the methylated cytosines of DNA into uracil 

with bisulfite reaction, then amplify the regions of interest with PCR, insert the 

amplicons into plasmids and then transform them into bacteria for cloning. After the 

extraction of plasmids from a sufficient number of clones, it is possible to proceed to the 

sequencing. This lengthy process causes low yield of clones and in some cases low 

quality of the sequences limiting the convenience of the procedure.  

 We found a slight increment in sec14l promoter methylation (Figure 19) after B. 

animalis HN019 administration supporting the data obtained from RRBS. Zbtb33 and 

tspan6 promoter resulted to be completely demethylated after probiotic 

supplementation, this result agrees with that obtained from the RRBS analysis, but once 

again it collides with the reduced expression of tspan6 in qRT-PCR confirming that other 

factors influence the transcription of this gene. 

To support the functional effect of changes in DNA methylation status in DCs of specific 

promoters we determined the effect of B. animalis HN019 on the protein level. In line 
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with B. animalis-induced changes in cytosine methylation status, Sec14l protein was 

significantly reduced, while Kaiso was strongly increased in mucosal DCs. Thus, B. 

animalis HN019 treatment caused epigenetic modifications varying the gene expression 

of sec14l, a negative regulator of rig1 signalling pathway, involved in the recognition of 

cells infected with viruses201. Whereas, epigenetic modifications in DCs caused increased 

zbtb33 expression, a transcription factor that binds CGCG motifs with a role in histones 

epigenetic modification202,. According to the lack of immunomodulatory effects 

observed on DCs phenotype, L. rhamnosus had no effect on CD11c+ CD80+ Sec14l+ cells, 

CD11c+ CD80+ Tspan6+ and CD11c+ CD80+ Kaiso+ levels. 

Since with the current technology is not possible to evaluate epigenetic changes on 

circulating DCs, we decided to assess by FACS analysis the expression of the target 

proteins whose expression paralleled epigenetic changes in circulating DCs. Circulating 

DCs are considered a representative pool of cells derived from peripheral immune 

organs (i.e. gut mucosa) and recirculating to other districts203. In mice supplemented 

with B. animalis HN019 we detected an increase of about 15% in CD11c+ CD80+ Tspan6+ 

cells, as compared to control mice or mice receiving L. rhamnosus, devoid of 

immunomodulatory effects. Although this data are non-significative they are extremely 

interesting since our preliminary analysis was performed on total circulating CD11c+ 

cells. However, it is well accepted that several subset of DCs can be detected in the 

circulation, such as type 1 conventional DC, type 2 conventional DC, and plasmacytoid 

DC203. Thus, further analysis using DCs subset-specific markers may lead to more 

significative results.  

We attempted to extend our findings to human mucosal DCs using an in vitro 

reductionist system, co-culturing epithelial cells, probiotic and monocyte-derived DCs. 

Previous studies have extensively used this reductionist model to demonstrate the 

cross-talk between luminal bacteria and immune-cells in the lamina propria204. In this 

model expression of zbtb33 and sec14l showed similar behaviour than in mouse gut, as 

opposed to tspan6. By flow-cytometry on DCs co-cultured with epithelial cells exposed 

to B. animalis HN019 we observed a significative increment in CD80+ Sec14l+, CD80+ 

Tspan6+, CD80+ Kaiso+ cells confirming the ability of B. animalis HN019 to induce 

phenotypic variations in human DCs.  
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Although the world of epigenetic modifications is vast including changes of histones and 

ncRNA205, we have been able to demonstrate that the administration of B. animalis 

HN019 is able to induce appreciable epigenetic modification on DCs resulting in 

variations in both gene expression and cellular phenotype. These findings can be used 

as a basis for further study the impact of probiotics on host’ epigenetic to better 

understand their mechanisms of action. Further analysis on subset of circulating DCs is 

required to identify the more suited subpopulation representing gut-derived mucosal 

DCs carrying epigenetic/phenotypic trait induced by probiotics.  
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