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Abstract Commensal microflora (normal microflora, indigenous microbiota) consists of those micro-organisms, which are present on body surfaces covered by epithelial cells and are exposed to the external environment (gastrointestinal and respiratory tract, vagina, skin, etc.). The number of bacteria colonising mucosal and skin surfaces exceeds the number of cells forming human body. Commensal bacteria co-evolved with their hosts, however, under specific conditions they are able to overcome protective host responses and exert pathologic effects. Resident bacteria form complex ecosystems, whose diversity is enormous. The most abundant microflora is present in the distal parts of the gut; the majority of the intestinal bacteria are Gram-negative anaerobes. More than 50% of intestinal bacteria cannot be cultured by conventional microbiological techniques. Molecular biological methods help in analysing the structural and functional complexity of the microflora and in identifying its components. Resident microflora contains a number of components able to activate innate and adaptive immunity. Unlimited immune activation in response to signals from commensal bacteria could pose the risk of inflammation; immune responses to mucosal microbiota therefore require a precise regulatory control. The mucosal immune system has developed specialised regulatory, anti-inflammatory mechanisms for eliminating or tolerating non-dangerous, food and airborne antigens and commensal micro-organisms (oral, mucosal tolerance). However, at the same time the mucosal immune system must provide local defense mechanisms against environmental threats (e.g. invading pathogens). This important requirement is fulfilled by several mechanisms of mucosal immunity: strongly developed innate defense mechanisms ensuring appropriate function of the mucosal barrier, existence of unique types of lymphocytes and their products, transport of polymeric immunoglobulins through epithelial cells into secretions (sIgA) and migration and homing of cells originating from the mucosal organised tissues in mucosae and exocrine glands. The important role of commensal bacteria in development of optimally functioning mucosal immune system was demonstrated in germ-free animals (using gnotobiological techniques). Involvement of commensal microflora and its components with strong immunoactivating properties (e.g. LPS, peptidoglycans, superantigens, bacterial DNA, Hsp) in etiopathogenetic mechanism of various complex, multifactorial and multigenic diseases, including inflammatory bowel diseases, periodontal disease, rheumatoid arthritis, atherosclerosis, allergy, multiorgan failure, colon cancer has been recently suggested. Animal models of human diseases reared in defined gnotobiotic conditions are helping to elucidate the aetiology of these frequent disorders. An improved understanding of commensal bacteria–host interactions employing germ-free animal models with selective colonisation strategies combined with modern molecular techniques could bring new insights into the mechanisms of mucosal immunity and also into pathogenetic mechanisms of several infectious, inflammatory, autoimmune and neoplastic diseases.
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Regulation of microflora composition (e.g. by probiotics and prebiotics) offers the possibility to influence the development of mucosal and systemic immunity but it can play a role also in prevention and treatment of some diseases. © 2004 Elsevier B.V. All rights reserved. Keywords: Mucosal microbiota; Intestinal barrier; Germ-free animal; Gut inflammation; Allergy; Autoimmunity; Probiotics



1. Introduction—basic characteristics and localisation of normal microflora Each organism lives in a continuous interaction with its environment: this interaction is of vital importance but at the same time it could be life-threatening. The largest and most important interface between the organism and its environment is represented by surfaces covered by epithelial cells. Of these surfaces mucosae represent in humans about 300 m2 while skin covers approximately 2 m2 surface of the human body. Starting from first hours after the delivery from the sterile uterine environment (mammalian foetuses are born germ-free) the interaction of the macro-organism with micro-organisms begins: the main portal of entry of microbes is skin and mucosal surfaces of the gastrointestinal, respiratory and urogenital tracts. Physiologically occurring interaction with bacteria leads to colonisation of epithelial surfaces and this co-existence is usually harmonious, and beneficial for the host (commensalisms). A complex, open ecosystem, formed by resident bacteria and transiently present microbes interacting with macro-organism is founded. However, under some conditions the interaction with “endogenous” microbes can be harmful for the host (parasitism) and opportunistic infections can occur [1–3]. The microflora interacts with its host both locally and systemically. These interactions are characterised by active participation of both partners and the strategy of both of them seems to be similar: evolutionary co-existence has equipped both the micro-organisms and the immune system of the host with similar mechanisms of diversification and selection [4]. The number of autochthonous bacteria living on mucosal surfaces and skin exceeds the number of cells forming the human body. We, as human individuals, are thus complex ecosystems formed by normal microflora (approximately 1014 microbes) and by only 1013 mammalian cells! Normal microflora comprises mainly bacteria, but viruses, fungi and protozoa’s are also present. Commensal bacteria exhibit enormous diversity; it is assumed that a minimum of 1000 species are involved. Our current knowledge about microbial ecosystems relies on known, cultivation-based techniques; however, the gut microflora consists mostly of anaerobic bacteria that are not easy to analyse by conventional culturing techniques [5]. Moreover, the description and identification of members of normal flora are hampered by the fact that many resident bacteria are non-cultivable (e.g. up to 80% of the intestinal microbial population might be uncultured!) [2,3,5,6]. Recently, molecular biological techniques are increasingly applied for studies of the complexity of resident microbial communities. Sequence analysis of clone li-



braries from amplified ribosomal DNA and denaturing or temperature-gradient gel electrophoresis have demonstrated the enormous diversity of species present in the gut. For quantitative analysis of gut flora, 16S ribosomal RNA-based oligonucleotides were designed that were applied as primers in PCR or as probes in fluorescent in situ hybridisation (FISH). For this purpose, probes covering about 80% of the total intestinal microflora has been already described [7–10]. Human oral cavity contains approximately 1010 bacteria (more than 500 bacterial species) inhabiting the teeth, gingival crevices, buccal mucosa and tongue. The tooth surface accumulates a complex of bacteria in aggregates or biofilms (bacteria forming these “dental plaques” are involved in dental carries). The main micro-organisms are streptococci and Actinomyces spp. Gingival crevices contain large numbers of Gram-negative anaerobes, among them bacteria assumed to be involved in the development of periodontal disease (Porphyromonas gingivalis) [1,9]. By inhalation of the air the respiratory tract comes into contact with large numbers of bacteria but the anatomical organisation and effective mechanisms (cleansing by ciliated epithelia, trapping by mucus) prevent microbial colonisation of distal parts of the respiratory tract. However, nose and nasopharynx contain staphylococci, streptococci, Corynebacterium and Gram-negative cocci. Interestingly, nasopharynx and oropharynx of a relatively high percentage of individuals contain also bacteria (so-called opportunistic pathogens) which can cause life-threatening infections like pneumonia, meningitis or less severe diseases like otitis, sinusitis, pharyngitis. Distal parts of the respiratory tract (trachea, bronchi and alveoli) are sterile [1,9]. In urogenital tract, the flushing by sterile urine ensures the sterility of the bladder and urethra, and only the distal part of female urethra is colonised by bacteria from anus, vagina or skin. Vagina is colonised, the composition of microbial community being dependent upon the hormonal state. Before puberty and after menopause, the prevailing bacteria are staphylococci and streptococci, after puberty estrogens cause a change (decrease) in the pH of vaginal secretions and lactobacilli become dominant. Gastrointestinal tract is colonised by the large number of bacteria, mainly anaerobic. Due to the acidity of its contents and the presence of proteolytic enzymes, stomach represents a barrier preventing continuous access of bacteria from environment to the distal parts of the gastrointestinal tract. However, even in these conditions small numbers of bacteria are present; these are attached to gastric epithelia or present in mucus. Among them the presence of Gram-negative spiral-shaped Helicobacter pylori is of ut-
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most importance. This organism causes gastritis and gastric and duodenal ulcers and is implicated in gastric cancer but it is present also in 30–80% of healthy individuals. The duodenum and jejunum have only a few bacteria, while ileum contains a massive and diverse microbial population (about 109 ml−1 ). The highest numbers of bacteria displaying enormous diversity are found in colon where they are attached to the mucosa or are present in the contents. More than 90% of the bacterial population are obligate anaerobes, predominant species being: Bacteroides, Eubacterium, Bifidobacterium, Fusobacterium, Peptostreptococcus and others. Regularly present but in small proportion of the microflora are, e.g. Escherichia coli, Enterobacter and Lactobacillus [1,9]. Skin comes into a regular and frequent contact with bacteria from the environment, but the conditions for populating healthy skin are limited to such anatomical sites where moisture, temperature and presence of nutrients (swear and sebum) enable the survival of bacteria. The number of skin bacteria approaches 1012 , and this population includes mainly Gram-positive bacteria, obligate aerobes (Micrococcus) or facultative anaerobes (e.g. Staphylococcus and Corynebacterium) [1,9].



by cells originating from lymphatic follicles of intestine or bronchi (migration and homing of mucosal lymphocytes establishing the so-called “common mucosal system”) and the well-known epithelial transport of polymeric immunoglobulins produced by mucosal plasma cells through the epithelium (secretory immunoglobulins, mainly IgA isotype) [11–14]. A balance in intestinal mucosa may be disturbed by pathogenic micro-organisms and their toxins, or by inadequately functioning components of the mucosal immune system [14,15]. On the other hand, an expression of pathologically increased immunological activity may induce various inflammatory processes. Thus, numerous chronic diseases may occur as a result of disturbances of mucosal barrier function or of changes in mechanisms regulating mucosal immunity. This may involve infectious diseases, inflammatory diseases (allergies), multiorgan failure but also autoimmune diseases developing either in their initial phase or throughout on mucosal surfaces.



2. Defense mechanisms on mucosal surfaces



The main mechanical barrier of mucosal surfaces is formed by a layer of epithelial cells covered with glycocalyx composed of complex glycoproteins. The epithelium of most mucosal surfaces consists of a layer of interconnected, polarised epithelial cells separated by a basal membrane from the connective and supporting tissue surrounding various types of cells present in the lamina propria. Intestinal epithelial layer is reinforced by tight junctions present in paracellular spaces of epithelial cells and forming an interconnected network. Tight junctions were found to act as a dynamic and strictly regulated port of entry that opens and closes in response to various signals (e.g. cytokines) originating in the lumen, lamina propria and epithelium. Tight junctions participate in preserving cellular polarity and are regarded as key elements in intestinal diffusion mechanisms. The molecules forming tight junctions (zonulins, occludins, claudins) are connected to the cytoskeleton of epithelial cells [16,17]. In addition to laterally situated tight junctions present in zonula occludens, there are intermediary junctions and desmosomes in the so-called zonula adherens. Various types of epithelial cells participate in mucosal barrier function: the main and most frequent cells are conventional enterocytes (colonocytes in colon), of importance are goblet cells producing both mucus and trefoil peptides required for epithelial growth and repair, enteroendocrine cells produce neuroendocrine molecules having a paracrine effect, and Paneth cells secreting antibiotic peptides-defensins. Epithelial cells are maintained on a network of interconnected myofibroblasts, which produce molecules necessary for the basal membrane in addition to factors required for epithelial growth. Mucosal barrier function is greatly influenced by the products of the nervous system (neurotransmitters), increas-



Epithelial surfaces are immediately after birth coming into contact with numbers of micro-organisms. These surfaces therefore evolved a number of protective mechanisms to resist the invasion of micro-organisms. While the skin surface is protected mechanically by several epithelial layers, surfaces of the gastrointestinal, respiratory and urogenital tracts, conjunctivae and outlets of endocrine glands are mostly covered with a single-layered epithelium and require, therefore, a more extensive protection: this is represented by a complex of mechanical and chemical agents responsible for effective degradation and removal of heterogeneous substances. In addition, both mucosa and internal environment of the organism are protected by a most effective innate and highly specific immune systems. Basic functions of the mucosal immune system are protection against pathogenic microorganisms and prevention of penetration of immunogenic components from mucosal surfaces into the internal environment of the organism (barrier and anti-infectious functions). Another important function is induction of unresponsiveness of the systemic immunity to antigens present on mucosal surfaces (“oral, mucosal tolerance”) and maintenance of the homeostasis on mucosal surfaces (immunoregulatory function) [11,12]. Among the basic features of mucosal immunity differentiating it from systemic immunity, are strongly developed mechanisms of innate immunity and existence of characteristic populations of lymphocytes that differ from, e.g. blood lymphocytes in origin, phenotype and secreted products. Other features characteristic of mucosal immunity are: colonisation of mucosal surfaces and exocrine glands



3. Barrier function of mucosae, innate immunity, epithelial cells
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ing, for instance, the passage of macromolecules through tight junctions. It has been described that nervous signals emitted under stress are transmitted directly to mucosal mast cells and deposited in the lamina propria under the basal membrane, where they are in direct contact with nerve endings [11,18]. A basic mechanism of mucosal immunity is innate, natural immunity represented by processes that protect the host immediately, within the first minutes and hours, of exposure to infection. It is of interest that these defense mechanisms of vertebrates are implemented by structurally related effector molecules present in plants and insects, which do not possesses higher, specialised forms of adaptive immunity. A characteristic, although not yet clearly defined, feature of innate immunity is an ability of distinguishing between potentially pathogenic microbial components and harmless antigens by “pattern recognition receptors (PRRs)”. An example of these molecules is the so-called Toll-like receptors (TLRs) enabling mammalian cells to recognise conserved characteristic molecules present on microorganisms and described as pathogen-associated molecular patterns (PAMP) [19–21]. As these molecules e.g. lipopolysaccharides, peptidoglycans and others are present also on commensal bacteria it seems more precise to call them microbe-associated molecular pattern (MAMP). Toll receptors were originally described in Drosophila as transmembrane receptors, their extracellular domain contain leucine-rich repeat whereas cytoplasmic domain is homologous to IL-1R, in insects they were found to play an essential role in the immune response to fungal infection. In mammals, PRRs are present on macrophages, neutrophils, dendritic cells and other cells belonging to innate immune system. It was demonstrated that recognition of microbes activates NfB signalling pathway and in this way it triggers cytokine production, up-regulation of co-stimulatory molecules on antigen presenting cells leading to activation of T cells. Innate immunity is closely linked to adaptive, acquired immunity [19,21]. Under physiological conditions the gut, i.e. the largest body surface, is realising complex and poorly understood cell interactions which regulate responses to food antigens and to antigens of the normal (commensal) bacterial flora in close proximity to a large population of rapidly renewing epithelial cells, specialised intraepithelial lymphocytes and other immunologically active cells present in the mucosa. Cells of innate immunity produce cytokines essential for inflammatory reactions as well as factors critical for the subsequent initiation of specific immunity. It is the contact with bacteria and their components through the sensing structures (PRRs) on their surface that initiate innate immunity responses [21]. TLRs share high homology in the signal transduction structures and pathways with a particular class of cytokine receptors, i.e. the receptors for IL-1 and IL-18, two cytokines involved in the non-specific amplification of immune responses. Very interesting and important is the expression



and modulation of TLR/IL-1R on dendritic cells which represent the link between innate and adaptive immunity and on epithelial cells which play an active role during interaction with external environment and in regulating the mucosal immune responses. The role of other molecules which are able to bind bacteria and their components, e.g. CD14, LPS-binding protein (LBP) and others is in focusing bacteria and bacterial products to TLR, thereby modulating their activation. Epithelial cells are an integral and perhaps the most important part of a innate, natural defense mechanism of mucosal surfaces. It has been recently found that intestinal epithelial cells as an important part of the innate immune system are directly involved in various immune processes, in addition to their absorptive, digestive and secretory functions. Their capacity of transporting secretory immunoglobulins produced by plasma cells in lamina propria to the lumen by binding these to a receptor of polymeric immunoglobulin (pIgR) was described [22]. There is strong evidence that epithelial cells can present antigens [23]. Epithelial cell express numerous molecules that are involved in antigen presentation: transplantation antigens class I both classic and non-classic (HLQ A–C, HLA E, CD1d, MICA/MICB), transplantation antigens class II. Immunologically active cells of mucosal surfaces (T and B cells, macrophages, neutrophils, eosinophils, mast cells) produce mediators influencing epithelial physiology and its various functions (barrier, transportation). Epithelial cells were found to react to proinflammatory cytokines either by the synthesis or production of immunologically active proteins. Incubation of epithelial cells with interferon-␥ or TNF is followed by increased expression of a secretory component—receptor for polymeric immunoglobulins (pIgR), class II transplantation antigens, pattern recognition receptors and other surface molecules. Cells of epithelial lines were found to produce constitutively or by induction number of cytokines, chemokines and mediators [11,12,22,23]. Epithelial cells have been found to perform various immunological functions, which involve interaction with other cells of the immune system and an inflammatory response to microbial invasion. We have shown that human intestinal epithelial cells express an important lipopolysaccharidebinding molecule CD14 which together with Toll-like receptors can participate in maintaining the intricate balance between the self and outer environment in the gut [24]. Furthermore, we found that these cells release soluble form of CD14 which may have important implication in shaping the interaction between the mucosal immune system and gut bacteria. Recently, the molecular consequences of the interaction of components of commensal microflora with macroorganism has been characterised by a new approach, i.e. by analysing the transcriptional response after colonisation of the gut of adult germ-free mice [10,25,26]. In addition to well-known humoural components of innate immunity (humoural forms of PRRs) present on mu-
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cosal surfaces such as complement, lysozyme, lactoferrin, mannan-binding protein and others, new, recently described factors have been the subject of intensive study. An important component of non-specific mechanisms are antimicrobial peptides widely distributed throughout plant and animal kingdom. Various defensins and one type of cathelicidins were found in intestinal epithelial cells. ␣-Defensins are present in apical granules of Paneth epithelial cells, ␤-defensins are found in airway, gingival, gastrointestinal mucosa and in salivary glands. In addition to their wide antimicrobial activity, defensins display chemotactic activity toward dendritic cells and T cells, in other words, they represent components of innate immunity interacting with adaptive immunity [27].



4. Mucosa-associated lymphatic tissues (MALT), common mucosal immune system, oral (mucosal) tolerance Mucosa-associated lymphatic tissue consists partly of organised tissue representing both solitary and multiple lymphatic follicles (Peyer’s patches, appendix) and freely dispersed lamina propria lymphocytes (LPL). These components in co-operation with components of innate mucosal immune system, accomplish specific (adaptive) immune responses. Organised lymphatic tissue (Peyer’s patches and lymphatic follicles) represents an inductive site of the mucosal immune system. Germinal centres of lymphatic follicles consist mainly of differentiating B cells, T lymphocytes occupy interfollicular space preferably around venules with a high endothelium. Organised lymphatic tissue is covered with an epithelial layer (follicle-associated epithelium (FAE)) containing a special type of membranous epithelial cells called “M” cells. Specialised M cells are most effective in absorbing particular antigens and transporting these from lumen to follicular environment (Peyer’s patches), where these antigens activate T lymphocytes and induce thus mucosal immunity [11,13]. Diffuse lymphocytes represent an efficient effector component of the mucosal immune system. Lymphocytes are present in the epithelium on the basolateral side of enterocytes—these are called intraepithelial lymphocytes (IEL)—T cells, predominantly CD8+ in nature, differ from cells present in the bloodstream. Intraepithelial lymphocytes have several features in common: phenotype CD8+, CD45RO+, adhesive molecules (integrin ␣E␤7) and cytoplasmatic granules containing cytolytic proteins (perforin). It was suggested that intraepithelial lymphocytes may be capable of identifying proteins that generally are not present in the epithelium and to react cytolytically to damaged or changed epithelial cells. Diffuse lymphocytes of lamina propria are the most numerous and the most active mucosal effector cells. They are represented by T cells, predominantly CD4, and B cells producing polymeric IgA. Mucosal T cells produce various cytokines, an important and interesting population of regulatory T cells is
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noted mainly for its suppressive activity. These regulatory T cells express CD25 and were shown to produce inhibitory cytokines IL-10 and TGF␤ [11,12,14,28,29,30]. IgA is one of the most important humoural defense factors on mucosal surfaces. Its polymeric form dominates in secretions, monomeric form in circulation. The main source of monomeric serum IgA is bone marrow, of polymeric IgA plasma cells in mucosa and exocrine glands. The gutassociated lymphatic tissue (GALT) is the largest lymphatic organ of the body. Total amount of IgA-producing cells of the intestine (7 × 1011 ), and the daily IgA production in intestine (2–5 g) indicate that IgA is the most represented class of the immunoglobulins in the body. Most of IgA specifities are directed against mucosal microbiota. The molecular structure of polymeric IgA enables this molecule to penetrate into secretions, resist enzymatic activities and function as an effector molecule on mucosal surfaces [11,12,31–34]. Secretory IgA, i.e. dimeric IgA molecule, is resistant to proteolysis and its primary task is to prevent both adherence of bacteria to mucosal surfaces and penetration of antigens to the internal environment of the organism. Moreover, IgA is capable of reacting with several non-specific bactericidal substances present in secretions (e.g. lactoperoxidase, lactoferrin) and transport these to bacterial surfaces [33–35]. Migration of lymphocytes from inductive parts of mucosal immune system and their homing in effector parts of mucosae and exocrine glands (“common mucosal immune system”) is a good example of a multiphasic process of interaction between lymphocytes and their original environment. It was confirmed that this selective homing of lymphocytes to epithelial surfaces concerns mainly recirculating, activated, blastic forms of lymphocytes and small, memory lymphocytes. These lymphocytes (both of man and mouse) have a characteristic ␣4␤7 integrin on their surface and act as receptor of specific mucosal venous adresin MadCAM/1 present on endothelial cells of mucosal capillaries. A good example of the effect of migration and selective colonisation by cells from intestinal mucosa is offered by the composition of mammary gland secretion—maternal milk. Apart from nutritive components, mother’s milk contains a number of immunologically non-specific and specific factors and a large quantity of immune cells: all these milk components protect the not yet completely mature intestine of the infant. A consequence of a colonisation of the mammary gland by cells from the intestine is a presence of IgA antibody and of cells directed against antigens present in maternal gut (“enteromammary axis”), i.e. mainly bacteria belonging to maternal microflora that colonise the intestine of the infant within the first days of life [11,12,14]. The food contains a complex mixture of plant and animal products which are immunogenic. Part of these antigens (1–2%) is absorbed through gut mucosa into the circulation in intact, i.e. immunogenic form. Oral application of antigens leads to the development of inhibition of systemic immune response to parenterally administered antigens (“oral tolerance”). Individual mucosae seem to differ in their abil-
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ity to induce mucosal tolerance; intestinal and nasal mucosae belong to the most sensitive sites of tolerance induction. Oral tolerance to food antigens and to commensal flora is installed during the first weeks after birth. Although the mechanism of oral or mucosal tolerance needs to be clarified, there is good reason to believe that, depending on the dose of antigen, two mechanisms are involved: deletion and anergy associated with a high dose of antigen and induction of active suppression mediated by regulatory T cells occurring with a low dose. The mechanism of suppression (oral tolerance) is caused by the presence of inhibitory lymphokines, mainly TGF␤ and IL-10, produced by regulatory T cells (the so-called Tr or Th3 cells) [11,14,30,36].



5. Immunological and physiological functions of normal flora: studies in germ-free animals (contribution of gnotobiology) Commensal microflora is an integral part of a complex of natural mechanisms on mucosal surfaces and skin that safeguard the resistance of the organism against pathogenic micro-organisms. At an optimal composition, it prevents attachment and multiplication of pathogenic micro-organisms on these surfaces (“colonisation resistance”) and their invasion into epithelial cells and circulation. Intestinal microflora plays an important role in anti-infectious resistance both by direct interaction with pathogenic bacteria and by its influence on immune system. Components of intestinal microflora play a crucial role in postnatal development of the immune system; during the early postnatal period intestinal microflora stimulates the development of both local and systemic immunity. Later on, these components evoke, on the contrary, regulatory (inhibitory) mechanisms intended to keep both mucosal and systemic immunity in balance [9,14]. Invaluable tool for studying the role of normal microflora and for distinguishing genetically determined spontaneously developing immune mechanisms from those induced by environmental agents is represented by animal models reared in germ-free conditions [37–45]. Gnotobiological techniques developed since the end of 19th century made it possible to establish various germ-free models: usually, the first generation of animal species or strain is born by caesarean section, transferred into isolators for germ-free rearing and foster mother-fed or hand-fed by cow milk-based formulas. The composition of the diet must take into consideration the lack of bacterial activities connected with nutrition. The best defined and immunologically purest gnotobiological model is an antigen-free animal lacking both microflora and food antigens. However, antigen-free models are used rather exceptionally because chemically defined non-antigenic diet for feeding of germ-free animals is difficult to prepare [40,45]. Germ-free rodents but also chickens, calves, pigs and goats were most often used. Alterations of intestinal morphology, changes in GALT structure and functions were described in all animals reared under germ-free conditions.



The most pronounced differences were described in the large intestine, e.g. accumulation of mucus with retention of water as a consequence of missing mucolytic bacteria occurs in germ-free rodents and caecum is much larger (up to 10 times) than in conventionally reared animals. Prolonged intestinal epithelial cell cycle in germ-free mice (4 days) when compared with conventionally reared mice (2 days) and decrease in peristalsis were described. Intestinal lymphatic constituents are underdeveloped in germ-free animals, numbers of lymphocytes present in organised and diffuse lymphatic gut-associated tissues are decreased [40,42,43]. Microbial deprivations was shown to influence preferentially the ␣/␤ bearing TCR intraepithelial lymphocytes [46]. We and others have shown that intestinal colonisation of germ-free animals with defined commensal microbes has important effects on mucosal and systemic immunity. It results in an increase of immunoglobulin level, production of natural antibodies and specific antibodies against colonising bacteria, and an increase of the overall immunological capacity [43]. We found that migration pattern of lymphocytes into mucosal sites of rats was influenced by the presence of microflora [43,44]. In pigs, the transport of maternal antibodies does not occur due to the unique structure of porcine placenta (six layers) and new-borns transferred into germ-free conditions are deprived of colostrum and represent thus an “immunologically virgin” model. We have shown that rearing of new-born pigs, rats and rabbits in germ-free environment profoundly delays the appearance of cells spontaneously secreting natural antibodies against bacterial antigens (LPS) and tissue antigens detected mainly in mucosal lymphatic tissues (rabbit appendix, Peyer’s patches of rats, ileal patches of pigs) [42,43]. By comparing the antibody responses and others we have shown that germ-free animals in comparison with colonised animals have less diversified immunoglobulins [43,47–51]. Lymphocytes from germ-free animals reacted to mitogens and polyclonal stimuli with low intensity. The development of isotype and specific antibody repertoire in germ-free pigs demonstrated the pronounced impact of intestinal colonisation on development and activation of the whole immune system. Interestingly, B cells producing spontaneously Igs in thymus were not influenced by microbial colonisation. In contrast to germ-free counterparts, heavy cellular infiltration of gut mucosa, formation of germinal centres in Peyer’s patches, transient translocation of bacteria into mesenteric lymphnodes, production of specific antibacterial antibodies and polyclonal B cell activation with production of immunoglobulins were demonstrated during the first days after monocontamination of new-born germ-free pigs with a non-pathogenic E. coli strain [47,52]. Interestingly, after 5–10 days lasting activation of the pig and human immune system the local and systemic responses are inhibited (induction of oral tolerance to microflora?) [51–53]. Components of normal microflora thus induce in the gut “physiological” inflammatory response followed by balanced and controlled responses (self-limiting response) [41,42,47,52,53]. The physiologically occurring inflamma-
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tory response in the gut during early postnatal ontogeny is thus essential for the development of the immune system and for its appropriate functioning [42,45]. The participation of the innate immunity in the interaction of commensal micro-organisms with the host immune system was studied at the beginning of gnotobiotic research. Phagocytic activity and macrophage chemotaxis were found decreased in germ-free animals. We have demonstrated differences in the response to lipopolysaccharide between germ-free and conventional animals. However, most of innate components begin to be identified, characterised and compared in germ-free and conventional animals. Recently, new interesting class of angiogenic proteins with microbicidal activity induced by colonisation with Bacteroides thetaiotamicron was described [54]. The metabolic potential of intestinal microflora as regards the number of biochemical reactions is similar to the metabolic potential of the liver. Bacteria play an important role in numerous metabolic processes of the intestine such as fermentation of dietary residues and mucus (saccharides and proteins) with generation of short-chain fatty acids, metabolism of xenobiotics, activation or destruction of mutagenic metabolites and vitamin synthesis [9,55]. Comparative studies of the possible microbial influences on enzymatic activities of the brush border membranes in small intestinal mucosa using germ-free and conventional mice and rats have been performed [56]. Differences in the activity of enterocyte brush border enzymes between germ-free and conventional animals were not apparent until after weaning when the germ-free animals showed a higher activity than the conventionally reared counterparts. Administration of caecal contents from conventional animals led to a decrease of enzymic activities to normal conventional levels. Monoassociated animals often show gut mucosal morphology and enterocyte enzymic activities half-way between germ-free and conventional animals. Not only the activities of the enzymic glycoproteins of microvillar membrane, but also the synthesis of sugar chains of membrane-associated glycoproteins were affected by the introduction of microorganisms. The effects of the microflora started to be studied by current methods of functional genomics [6,25].



6. Components of commensal bacteria with strong effects on innate and/or adaptive immunity There is no doubt that not only living and multiplying bacteria but also their components which are expressed, secreted and could be released from bacterial body after microbial death are responsible for various immunomodulatory effects. Only some of them could be mentioned. 6.1. Lipopolysaccharides (endotoxins) Bacterial lipopolysaccharides (LPS) are major outer surface membrane components present in almost all Gram-
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negative bacteria, which act as extremely strong stimulators of the innate immune system. They can cause septic shock in mammals including man. LPS consist of a hydrophobic domain known as lipid A, a non-repeating “core” oligosaccharide, and a distal polysaccharide (or O-antigen). Lipid A, the hydrophobic anchor of LPS, is a glucosamine-based phospholipid that makes up the outer monolayer of the outer membranes of most Gram-negative bacteria. The existence of a receptor-binding lipopolysaccharide has been the subject of intense debate during the past years, which has been fuelled by the discovery of lipopolysaccharide-binding protein (LBP) that interacts with the CD14 molecule expressed by monocytes and macrophages. In addition, the importance of more peripheral endotoxin-activated mediator systems, including the contact system, the tissue factor pathway, the fibrinolytic system, the complement system and nitric oxide for local and generalised inflammation has been unravelled in detail in the past years [3,57,58]. Much of the sequelae associated with endotoxin effects result primarily from excessive production of mediators such as cytokines tumour necrosis factor alpha (TNF␣) and interleukin-1␤ by LPS-activated macrophages and monocytes. These, in addition to anaphylatoxin C5a of the complement system and interferon-␥, play a major role in the activation of different plasma cascade systems and in amplifying the release of soluble mediators, respectively [3,57,58]. Within minutes of recognising LPS, an array of cell types expressing relevant PRR (CD14 and TLR4) initiate defensive actions that mediate protection against the micro-organism, including the production of reactive oxygen intermediates and secretion of inflammatory cytokines. Cytokines initiate a cascade of signals to cells of the adaptive immune response, preparing them for the development of antigen-specific immune responses. Endotoxin exposure also results in production of defensins, which comprise several distinct families of antibacterial, antifungal and antiviral peptides [3,19,57,58]. 6.2. Peptidoglycans (PGN) PGN is an essential component of cell wall of virtually all bacteria, especially abundant is in cell wall of Gram-positive bacteria where other polysaccharides and proteins are covalently bound to it. In Gram-negative bacteria PGN is located under the LPS containing outer membrane. PGN surrounds the cytoplasmic membrane in bacteria and maintains their shape. PGN is polymer formed by ␤(1–4)-linked Nacetylglucosamine and N-acetylmuramic acid cross-linked by peptides. PGN is recognised by eukaryotic innate immune system. Several PGN recognition molecules including CD14, TLR2, family of peptidoglycan recognition proteins (PGRPs), cytoplasmic proteins Nod1 and Nod2 and PGNlytic enzymes (lysozyme and amidases) are able to induce various host responses or have direct antimicrobial effects [59].
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6.3. Bacterial CpG–DNA motifs In contrast to the long-known effects of LPS and PGN the immunostimulatory properties of bacterial DNA were described only in the last decade. Soon after its discovery the stimulatory property was connected with singlestranded oligodeoxyribonucleotides (ODN). The crucial structure was shown to be connected with unmethylated cytosine–guanosine (CG) core. The lack of stimulatory activity of mammalian DNA results from structural differences from bacterial DNA: it contains only a few CG–dinucleotide motifs which are unmethylated. The optimal stimulatory sequences for the preparation of synthetic immunostimulatory ODN (about 20 nucleotides in length, the biological effect being affected also by regions adjacent to CG) were determined. Immunostimulatory DNA containing CpG motifs (CpG–DNA) was shown to stimulate mainly cells of the innate immune system, particularly dendritic cells and macrophages. Like LPS, CpG–DNA stimulates the production of a similar array of cytokines and expression of maturation markers. The crucial involvement of TLR9 in recognition of bacterial DNA was recently demonstrated [3,60,61]. 6.4. Heat shock proteins (Hsps) Hsps were first described by researchers studying the effects of heat stress. High temperature was shown to induce the production of proteins which were termed heat shock proteins or stress proteins. These proteins occur constitutively in all types of cells (bacterial, plant, etc.), they constitute about 5% of the cellular proteins and their function is to catalyse the correct folding of proteins (molecular chaperones). When the cells are exposed to stress protein denaturation occurs and the synthesis of Hsps is consequently triggered, their levels may rise to 15–20%. A characteristic feature of Hsps is their significant structural homology; for example, bacterial and human Hsp 60 share about 50% positional identity in their amino acid sequences. Hsps have been implicated in autoimmunity as up-regulated targets of adaptive immunity during inflammatory stress but recently also as triggering factors for innate immunity through activation via TLRs (TLR2 and TLR4). The analysis of T cell responses has shown that bacterial Hsp can trigger self-Hsp cross reactive response and that these responding T cells may inhibit autoimmune reactions [3,9,62]. 6.5. Superantigens (SAG) SAG represent a family of proteins stimulating potent immune responses directly by acting similarly as mitogens. T cell superantigens are bound without preceding processing to class II histocompatibility complex molecules expressed on antigen presenting cells and presented to T cells which recognise them by means of some types of the T cell receptor ␤ chains. The selective binding of V␤ chains of the T cell



receptor explains the high frequency of T cells responding to SAG (activation of up to 20% of T cell population) [3,9]. Some superantigens stimulate B cells via T cell mediated induction of polyclonal activation of B cells, considerable portion of microbial components is bound directly to a certain site in defined (domains) of surface immunoglobulins and belong therefore to the B cell superantigens [63]. Superantigens secreted mostly by Gram-positive bacteria (e.g. Staphylococcus aureus and Streptococcus pyogenes) are capable of inducing acute pathological symptoms, but they can also take part in initiating and maintaining chronic diseases [64]. Interestingly their involvement in allergy (atopic dermatitis, allergic rhinitis) has been recently demonstrated [65].



7. Mechanisms by which mucosal surfaces resist to proinflammatory effects of normal microflora components—microbe-associated molecular patterns Like other bacteria commensals express MAMPs and produce exotoxins. Bacteria have short life span, significant cell death occurs in bacterial population followed by the release of wide range of bacterial components including DNA. One of the basic, intriguing but yet unsolved questions is why commensal bacteria do not trigger (in contrast to pathogens) inflammatory responses in mucosal tissues of the normal, healthy host [3]. The explanation of this paradox lies most probably in the peculiarity of mucosal immunity mechanisms. The entire cell which is in first contact with commensal bacteria is epithelial cell. One possibility is that epithelial cells depending on their localisation may be relatively unresponsive or they can be programmed for down-regulation of proinflammatory responses. It was shown that expression of some pattern recognition receptors required for LPS and other microbial components is lacking or lower in contrast with other cells belonging to the innate immune system (e.g. TLR4 expression) [66,67]. In vivo findings support the idea of low expression of PRRs in the cells of healthy gut: it was shown that intestinal macrophages do not express CD14, but under inflammatory conditions the reappearance of this marker on intestinal macrophages was demonstrated [68]. Recently, the presence of TLRs on regulatory T cells exerting immunosuppressive activity was described [69]. Commensals can down-regulate epithelial proinflammatory responses to their components; interference with signalling by inhibition of IB ubiquitination occurring in epithelial cells cultured with commensal bacteria but not with pathogenic Salmonella was recently demonstrated [70]. However, the participation of other kinds of intestinal cells of innate and adaptive immunity (macrophages, NK cells, T and B lymphocytes) in downregulatory processes seems to play important role [14]. The alternative possibility is exclusion of commensal bacteria from the luminal site of epithelial cells (the bacteria are not
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allowed to penetrate through the mucus layers) and their binding to epithelial cell surface. The key role of mucosal dendritic cells in distinguishing pathogens from luminal microflora was recently suggested [71]. Finally, it is not excluded that the failure to produce inflammatory cytokines in mucosal cells is caused by the ability of commensal bacteria to produce proteins with immunosuppressive effects and/or that expression of MAMPs on commensal bacteria is lower. Gut bacteria are mainly anaerobic, not easy to cultivate, most of them are not yet identified or well characterised and their MAMPs and other products have usually not been analysed. It is possible that commensal bacteria similarly as viruses produce proteins (bacteriokines) which are able to inhibit the synthesis or action of host cytokines. Similarly as in the case of Arg1 gingicain proteinase of P. gingivalis which cleaves and inactivate cytokines IL-1 and IL-6 there is now growing evidence that commensal bacteria can modulate inflammatory mechanisms by their released proteinases [3,9]. It is not excluded that proteins produced by commensal bacteria and modulating mucosal cytokine networks could be used for new anti-inflammatory therapeutic strategy [72].



8. Involvement of infectious components present on mucosal surfaces in aetiology and pathogenetic mechanisms of idiopathic, inflammatory and autoimmune diseases The main characteristics of inflammatory and autoimmune diseases are tissue destruction and functional impairment as a consequence of immunologically mediated mechanisms which are principally the same as those functioning against dangerous (pathogenic) infections. In case of autoimmune diseases, a major effort was done in understanding pathogenetic mechanisms leading to the loss of tolerance to self components (autoantigens) [73,74]. Despite the fact that target antigens and the genetic basis of several autoimmune diseases are now better understood, the initial events leading to a loss of tolerance towards selfcomponents remain unknown. One of the most attractive explanations for autoimmune phenomena has always centred on various infections as possible natural events capable of initiating the process in genetically predisposed individuals [14,44,74,75]. Increased interest in infectious agents as causes of chronic diseases was awakened by the discovery of H. pylori as a causative agent of stomach ulcer, chronic gastritis and probably also of gastric cancer. A number of defined micro-organisms have been shown to evoke autoimmunity. Infection with intestinal microbial pathogens such as Salmonella, Shigella and Yersinia can trigger autoimmune reactions in joints and other organs [76]. Diseases with autoimmune features such as rheumatic fever and acute glomerulonephritis may develop after a streptococcal infection. Also, viral infections can bring about autoimmune reactions: for instance an infection with
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coxsackie virus is accompanied by a severe autoimmune myocarditis. The most accepted hypothesis explaining how infectious components cause autoimmunity is based on the concept of cross-reactivity, “molecular mimicry”. This hypothesis assumes a similarity between the epitopes of an autoantigen present in the afflicted organism and the epitopes in the environmental antigen. The latter may consist of a micro-organism or an other external antigen that causes the autoimmune response [77]. Moreover, in identical twins, autoimmune disease does not necessarily develop in both subjects. Using specific T cell clones and a broad spectrum of peptides derived from the basic myelin protein it was demonstrated that the activation of autoaggressive cells can be the consequence of a binding of structurally related but not necessarily identical peptides [78]. From this finding, one can conclude that the stimulation of specific autoreactive cells can take place following a binding of structurally similar peptides originating from different environmental sources, viral, bacterial and food. Sequentially appearing responses to autoantigen epitopes or autoantigenic molecules (epitope spreading) is a characteristic feature described in developing autoimmune diseases. “Bystander” activation of immune cells was recently shown as another mechanism by which autoimmune reactivity could spread. Infectious stimuli may participate in the development of autoimmune conditions by inadequate activation of components of the innate immune system. Antigen presenting cells, mainly dendritic cells performing the interaction of innate and adaptive immunity, could be activated (leading to maturation) by microbial components (MAMPs) through PRRs expressed on dendritic cells. Adjuvant activity of microbial components or their synthetic substitutes is described to correspond to the degree of activation of dendritic cells. During activation of dendritic cells, expression of co-stimulatory molecules increases which can lead to changes in the presentation of self antigens. Increased synthesis and expression of stress proteins (Hsp), chaperones and transplantation antigens leads to abnormal processing and presentation of self antigens by changing the transport and processing of intracellular peptides. Abnormal presentation of antigens can then evoke a response to cryptic self epitopes equal to the response to a dominant autoantigen [15,45,62,63,77,78]. Superantigens are considered to be one of the most effective bacterial components to induce inflammatory reactions, they are believed to take part in the induction and course of autoimmune mechanisms [64,65]. Dysregulation of the intestinal immune response to normal bacterial flora was suggested to play a crucial role in several inflammatory and autoimmune diseases [22,79,80,81]. Experimental animal models of human diseases (e.g. models of human inflammatory bowel disease, rheumatic diseases) reared in germ-free conditions did not develop the diseases and thus confirmed the important the role of normal flora [30,45,82,83]. The potential members of microflora responsible in inflammatory bowel disease (IBD) and other diseases
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are currently analysed by using intentional colonisation of germ-free animals with defined bacterial strains [30,45,82]. However, in some cases the role of food antigens in development of autoimmune diseases is not excluded [84]. Genetically based or environmentally induced changes in mechanisms regulating mucosal immunity and tolerance can lead to impaired mucosal barrier function, increased penetration of microbial components into the circulation and consequently to exaggeration of aberrant immune responses and inflammation. In fact, increased permeability of the gut mucosa was demonstrated in patients with some autoimmune diseases and in their relatives [85].



9. Probiotics Recent increased interest in an influence of intestinal microflora on human and animal health resulted in attempts of improving optimally its composition by using probiotics (most frequently bacteria of lactic fermentation and probiotics) [80,83,86]. Probiotics are defined as live cultures of micro-organisms administered orally and acting beneficially on host health. They influence favourably both development and stability of the microflora, inhibit colonisation by pathogens, influence the mucosal barrier by their trophic effect on intestinal epithelium and stimulate both specific and non-specific components of the immune system, moreover, they may well replace antibiotics whose resistance is steadily increasing [83,87]. After genetic manipulation, the commensal and probiotic strains could be used as vectors for clinically important molecules and for their preventive and therapeutic mucosal application [88]. Orally administered probiotic bacteria are expected to survive passage through stomach and colonise intestinal mucosal surfaces even if it were only for a short period. In addition to bacterial strains Lactobacillus and Bifidobacter, also some non-pathogenic strains of E. coli proved suitable for this purpose. We have shown that colonisation of new-borns with a non-pathogenic strain of E. coli stimulated local and systemic humoural and cellular immune responses and reduced the number of pathogens [53,89]. Recently, we have found that repeated oral application of non-pathogenic E. coli strain in the early postnatal period prevented the incidence of allergies as confirmed by a long-term (10 and 20 years) study [90]. Understanding the regulation of mucosal immune responses to commensal microflora maybe the key to targeted manipulation of microflora composition and successful intervention in wide range of chronic diseases.
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