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  Abstract
  A well-functioning immune system is key to providing good defence against pathogenic organisms and to providing tolerance to non-threatening organisms, to food components and to self. The immune system works by providing an exclusion barrier, by identifying and eliminating pathogens and by identifying and tolerating non-threatening sources of antigens, and by maintaining a memory of immunological encounters. The immune system is complex involving many different cell types distributed throughout the body and many different chemical mediators some of which are involved directly in defence while others have a regulatory role. Babies are born with an immature immune system that fully develops in the first few years of life. Immune competence can decline with ageing. The sub-optimal immune competence that occurs early and late in life increases susceptibility to infection. Undernutrition decreases immune defences, making an individual more susceptible to infection. However, the immune response to an infection can itself impair nutritional status and alter body composition. Practically all forms of immunity are affected by protein–energy malnutrition, but non-specific defences and cell-mediated immunity are most severely affected. Micronutrient deficiencies impair immune function. Here, vitamins A, D and E, and Zn, Fe and Se are discussed. The gut-associated lymphoid tissue is especially important in health and well-being because of its close proximity to a large and diverse population of organisms in the gastrointestinal tract and its exposure to food constituents. Certain probiotic bacteria which modify the gut microbiota enhance immune function in laboratory animals and may do so in human subjects.
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 The aim of this paper is to provide an overview of why good quality nutrition is important for the immune system to function properly and to summarise the evidence available, mainly, though not exclusively, from studies in human subjects, to support this idea. For a broader consideration of the topic the reader is referred to two multi-author books(
Reference Suskind and Tontisirin
1

,
Reference Calder, Field and Gill
2

), recent textbook chapters(
Reference Yaqoob, Calder, Lanham-New, Macdonald and Roche
3

,
Reference Calder, Yaqoob, Erdman, Macdonald and Zeisel
4

), earlier comprehensive reviews of the topic(
Reference Chandra
5

–
Reference Calder and Jackson
7

) and the topic- and nutrient-specific reviews cited within this paper.


 The immune system


 General overview

 The immune system acts to protect the host from infectious agents, including bacteria, viruses, fungi and parasites that exist in the environment and from other noxious insults. It is a complex system involving various cells distributed in many locations throughout the body and moving between these locations in the lymph and the bloodstream. In some locations, the cells are organised into discrete lymphoid organs, classified as primary lymphoid organs where immune cells arise and mature (bone marrow and thymus) and secondary lymphoid organs (lymph nodes, spleen and gut-associated lymphoid tissue) where mature immune cells interact and respond to antigens. The immune system has two general functional divisions: the innate (also called natural) immune system and the acquired (also termed specific or adaptive) immune system. A well functioning immune system is key to providing good defence against pathogenic organisms and to providing tolerance to non-threatening organisms, to food components and to self. The immune system works by providing an exclusion barrier, by identifying and eliminating pathogens and by identifying and tolerating non-threatening sources of antigens and by maintaining a memory of immunological encounters. Full details of the components of the immune system, their roles and interactions and the chemical mediators involved can be found in any good quality immunology textbook(
Reference Abbas, Lichtman and Pillai
8

,
Reference Male, Brostoff and Roth
9

).




 The gut-associated immune system

 The immune system of the gut, often referred to as the gut-associated lymphoid tissue is extensive and includes the physical barrier of the intestinal wall and its mucosal coating as well as components of the innate and adaptive immune systems(
Reference Mowat
10

). The physical barrier includes acid in the stomach, mucus and tightly connected epithelial cells, which all act to prevent the entry of pathogens. Within the intestinal wall, cells of the immune system are organised into specialised structures, termed Peyer's patches which are located directly beneath the epithelium in a region called the lamina propria (Fig. 1)(
Reference Mowat
10

). This also contains M cells which sample small particles derived from food or from micro-organisms in the gut lumen. The gut-associated immune system not only plays a vital role in providing host defence against pathogens within the gastrointestinal lumen but also in generating tolerogenic responses to harmless micro-organisms and to food components(
Reference Suzuki, Kawamoto and Maruya
11

).







Fig. 1. (Colour online) Structure and organisation of the gut-associated lymphoid tissue. Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Immunol
3, 331–341, copyright 2003. Antigen might enter through the microfold (M) cells (a), and after transfer to local dendritic cells (DC), might then be presented directly to T cells in the Peyer's patch (b). Alternatively, antigen or antigen-loaded DC from the Peyer's patch might gain access to draining lymph (c), with subsequent T-cell recognition in the mesenteric lymph nodes (d). A similar process of antigen or antigen-presenting cell dissemination to mesenteric lymph nodes might occur if antigen enters through the epithelium covering the lamina propria (e). In this case, there is also the possibility that enterocytes might act as local antigen presenting cells (f). In all cases, the antigen-responsive CD4+ T cells leave the mesenteric lymph nodes in the efferent lymph (g) and after entering the bloodstream through the thoracic duct, exit into the mucosa through vessels in the lamina propria. T cells which have recognised antigen first in the mesenteric lymph node might also disseminate from the bloodstream throughout the peripheral immune system. Antigen might also gain direct access to the bloodstream from the gut (h) and interact with T cells in peripheral lymphoid tissues (i). SED, subepithelial dome; TDA, thymus-dependent area.







 The immune system changes over the life course

 Newborn babies have an immature immune system. After birth, immunological competence is gained partly as a result of maturation factors present in breast milk and partly as a result of exposure to antigens (from food and from environmental micro-organisms, the latter starting during the birth process itself)(
Reference Bernt and Walker
12

,
Reference Calder, Krauss-Etschmann and de Jong
13

). Some of the early encounters with antigens play an important role in ensuring tolerance and a breakdown in this system of ‘immune education’ can lead to disease(
Reference Bernt and Walker
12

,
Reference Calder, Krauss-Etschmann and de Jong
13

). At the other end of the lifecycle, older people experience a progressive dysregulation of the immune system, leading to decreased acquired immunity and a greater susceptibility to infection(
Reference Castle
14

–
Reference Pawelec, Larbi and Derhovanessian
17

). This age-related decline in acquired immunity is termed immunosenescence. An additional consequence of immunosenescence is an impaired response to vaccination(
Reference Fulop, Pawelec and Castle
18

,
Reference Goodwin, Viboud and Simonsen
19

). Innate immunity appears to be less affected by ageing than acquired immunity.






 Why should nutrition affect immune function?

 The immune system is functioning at all times, but specific immunity becomes increasingly active in the presence of pathogens. This results in a significant increase in the demand of the immune system for substrates and nutrients to provide a ready source of energy. This demand can be met from exogenous sources (i.e. from the diet) and/or from endogenous pools. Cells of the immune system are able to utilise glucose, amino acids and fatty acids as fuels for energy generation(
Reference Calder
20

), which involves electron carriers and a range of coenzymes, which are usually derivatives of vitamins. The final component of the pathway for energy generation (the mitochondrial electron transfer chain) includes electron carriers that have Fe or Cu at their active site. Activation of the immune response induces the production of proteins (including Ig, cytokines, cytokine receptors, adhesion molecules and acute-phase proteins) and lipid-derived mediators (including prostaglandins and leucotrienes). To respond optimally to an immune challenge there must be appropriate enzymic machinery in place for RNA and protein synthesis and their regulation and ample substrate available (including nucleotides for RNA synthesis, the correct mix of amino acids for protein synthesis and PUFA for eicosanoid synthesis). An important component of the immune response is oxidative burst, during which superoxide anion radicals are produced from oxygen in a reaction linked to the oxidation of glucose. The reactive oxygen species produced can be damaging to host tissues and thus antioxidant protective mechanisms are necessary. Among these are the classic antioxidant vitamins (vitamins E and C), glutathione, the antioxidant enzymes superoxide dismutase and catalase, and the glutathione recycling enzyme glutathione peroxidase. The antioxidant enzymes all have metal ions at their active site (Mn, Cu, Zn, Fe and Se). Cellular proliferation is a key component of the immune response, providing amplification and memory: before division there must be replication of DNA and then of all cellular components (proteins, membranes, intracellular organelles, etc.). In addition to energy, this clearly needs a supply of nucleotides (for DNA and RNA synthesis), amino acids (for protein synthesis), fatty acids, bases and phosphate (for phospholipid synthesis) and other lipids (e.g. cholesterol) and cellular components. Some of the cellular building blocks cannot be synthesised in mammalian cells and must come from the diet (e.g. essential fatty acids, essential amino acids and minerals). Amino acids (e.g. arginine) are precursors for synthesis of polyamines, which play roles in regulation of DNA replication and cell division. Various micronutrients (e.g. Fe, folic, Zn and Mg) are also involved in nucleotide and nucleic acid synthesis. Some nutrients, such as vitamins A and D, and their metabolites are direct regulators of gene expression in immune cells and play a key role in the maturation, differentiation and responsiveness of immune cells. Thus, the roles for nutrients in immune function are many and varied and it is easy to appreciate that an adequate and balanced supply of these is essential if an appropriate immune response is to be mounted. In essence, good nutrition creates an environment in which the immune system is able to respond appropriately to a challenge, irrespective of the nature of the challenge. The response may be an active destructive one, or a more passive tolerogenic one.




 Protein–energy malnutrition and immune function

 It is well known that undernutrition impairs the immune system, suppressing immune functions that are required for protection against pathogens and increasing susceptibility to infection(
Reference Chandra
5

–
Reference Calder and Jackson
7

). Undernutrition leading to impairment of immune function can be due to insufficient intake of energy and macronutrients and/or due to deficiencies in specific micronutrients. These may occur in combination. There are a number of reviews of the effect of protein–energy malnutrition on aspects of immune function and on susceptibility to infection(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Kuvibidila, Yu, Ode and Klurfield
21

–
Reference Woodward, Suskind and Tontisirin
23

). Practically all forms of immunity are affected by protein–energy malnutrition but non-specific defences and cell-mediated immunity are more severely affected than humoral (antibody) responses(
Reference Kuvibidila, Yu, Ode and Klurfield
21

–
Reference Woodward, Suskind and Tontisirin
23

). Barrier function can be impaired by protein–energy malnutrition(
Reference Deitch, Ma and Ma
24

,
Reference Sherman, Forstner and Roomi
25

), which may permit bacterial translocation into the circulation(
Reference Deitch, Ma and Ma
24

,
Reference Katayama, Xu and Specian
26

). Protein–energy malnutrition causes atrophy of primary and secondary lymphoid organs and there is a decline in the number of circulating lymphocytes, in proportion to the extent of malnutrition(
Reference Woodward and Miller
27

,
Reference Lee and Woodward
28

). The ability of T-lymphocytes to proliferate is decreased by protein–energy malnutrition as in the synthesis of cytokines central to cell-mediated immune response including IL-2 and interferon-γ(
Reference McMurray, Mintzer and Bartow
29

,
Reference Mengheri, Nobili and Crocchioni
30

), suggesting a decline in T-helper (Th)1-type responses. There is a lowered ratio of CD4+:CD8+ cells in the circulation(
Reference Parent, Chevalier and Zalles
31

) and the activity of natural killer cells is diminished(
Reference Scott and Trinchieri
32

–
Reference Weindruch, Devens and Raff
35

). Phagocytic capacity of monocytes and macrophages appears to be unaffected(
Reference Skerrett, Henderson and Martin
36

,
Reference Salimonu, Johnson and Willians
37

). The response to a controlled antigenic challenge is reduced by protein–energy malnutrition(
Reference Rivera, Habicht and Torres
38

), reflecting the effects on individual cellular components. The numbers of B-cells in the circulation and serum Ig levels appear to be unaffected by malnutrition and may even be increased. The functional consequence of malnutrition-induced immune impairment was shown in a study in malnourished Bangladeshi children in which those with the fewest skin reactions to common bacterial antigens (i.e. the weakest cell-mediated immune response) had the greatest risk of developing diarrhoeal disease(
Reference Koster, Palmer and Chakraborty
39

,
Reference Baqui, Sack and Black
40

).




 The influence of individual micronutrients on immune function

 The effects of individual micronutrients on immune function have been identified from studies of deficiency in animals and human subjects and from controlled animal studies in which the nutrient under investigation is included at known levels in the diet. These studies provide good evidence that a number of nutrients are required for an efficient immune response and that deficiency in one or more of them will impair immune function and provide a window of opportunity for pathogens. It seems likely that multiple nutrient deficiencies might have a more significant impact on immune function, and therefore resistance to infection, than a single nutrient deficiency. This section will describe the importance of six selected micronutrients on immune function and susceptibility to infection. These micronutrients have been chosen because each is widely studied and known to be of great importance for immune function and because they are each the focus of much current research activity with significant new discoveries being made.


 Vitamin A

 There are a number of reviews of the role of vitamin A and its metabolites in the immune system and in host susceptibility to infection(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Semba
41

–
Reference Villamor and Fawzi
45

). Vitamin A deficiency impairs barrier function, alters immune responses and increases susceptibility to a range of infections(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Semba
41

–
Reference Villamor and Fawzi
45

). Vitamin A-deficient mice show breakdown of the gut barrier and impaired mucus secretion (due to loss of mucus-producing goblet cells), both of which would facilitate entry of pathogens(
Reference Ahmed, Jones and Jackson
46

). Many aspects of innate immunity, in addition to barrier function, are affected by vitamin A(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Semba
41

–
Reference Villamor and Fawzi
45

). For example, vitamin A controls neutrophil maturation(
Reference Lawson and Berliner
47

) and in vitamin A deficiency, blood neutrophil numbers are increased, although their phagocytic function is impaired(
Reference Twining, Schulte and Wilson
48

) resulting in decreased ability to ingest and kill bacteria(
Reference Ongsakul, Sirisinha and Lamb
49

). Natural killer cell activity is diminished by vitamin A deficiency(
Reference Ross
50

). The impact of vitamin A on acquired immunity is less clear, but there is some evidence that vitamin A deficiency alters the balance of Th1 and Th2 cells, decreasing Th2 response, without affecting or, in some studies enhancing, Th1 response(
Reference Semba
41

–
Reference Villamor and Fawzi
45

,
Reference Cantorna, Nashold and Hayes
51

). This would suggest that vitamin A will enhance Th1-cell mediated immunity. However, in contrast to this, studies in several experimental models show that vitamin A metabolite retinoic acid decreases Th1-type responses (cytokines, cytokine receptors and the Th1-favouring transcription factor T-bet), while enhancing Th2-type responses (cytokines and the Th2-favouring transcription factor GATA-3)(
Reference Iwata, Eshima and Kagechika
52

–
Reference Hoag, Nashold and Goverman
54

). Vitamin A also appears to be important in differentiation of regulatory T-cells while suppressing Th17 differentiation(
Reference Ivanov, Zhou and Littman
55

,
Reference Takaki, Ichiyama and Koga
56

), effects which have implications for control of adverse immune reactions. Retinoic acid seems to promote movement of T-cells to the gut-associated lymphoid tissue(
Reference Iwata, Hirakiyama and Eshima
57

), and, interestingly, some gut-associated immune cells are able to synthesise retinoic acid(
Reference Iwata, Hirakiyama and Eshima
57

,
Reference Mucida, Park and Cheroutre
58

). Vitamin A deficiency can impair response to vaccination, as discussed elsewhere(
Reference Ross
50

). In support of this, vitamin A deficient Indonesian children provided with vitamin A showed a higher antibody response to tetanus vaccination than seen in vitamin A deficient children(
Reference Semba, Muhilal and Scott
59

). Vitamin A deficiency is associated with increased morbidity and mortality in children, and appears to predispose to respiratory infections, diarrhoea and severe measles(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Semba
41

–
Reference Villamor and Fawzi
45

). Replenishment of vitamin A in deficient children improves recovery from infectious diseases and decreases mortality(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Semba
41

–
Reference Villamor and Fawzi
45

).




 Vitamin D

 There are a number of reviews of the role of vitamin D and its metabolites in the immune system, autoimmunity and host susceptibility to infection(
Reference Hewison
60

–
Reference Hewison
65

). In this paper, vitamin D refers to the active form of vitamin D (1,25-dihydroxy vitamin D3). Many immune cells express the cytosolic vitamin D receptor and some can synthesise the active form of vitamin D from its precursor(
Reference Hewison, Freeman and Hughes
66

,
Reference Liu and Modlin
67

). These observations suggest that immune cells can both respond to and produce vitamin D indicating that it is likely to have immunoregulatory properties. Indeed, vitamin D can induce macrophages to synthesise anti-microbial peptides(
Reference Liu and Modlin
67

,
Reference Liu, Stenger and Li
68

), directly affecting host defence. Individuals with low vitamin D status have been reported to have a higher risk of respiratory tract viral infections(
Reference Sabetta, DePetrillo and Cipriani
69

), while supplementation of Japanese school children with vitamin D for 4 months during winter decreased the risk of influenza by about 40%(
Reference Urashima, Segawa and Okazaki
70

). These studies suggest that vitamin D acts to reduce susceptibility to infection, which may result from improved immune function. However, in contrast, there is a large body of literature showing that vitamin D and its analogues have immunosuppressive effects(
Reference Hayes, Nashold and Spach
71

–
Reference van Etten and Mathieu
73

). It seems that under physiological conditions vitamin D probably aids immune responses, but that it may also play an active role in prevention of autoimmunity and that there may even be a therapeutic role for vitamin D in some immune-mediated diseases. Vitamin D acts by binding to its receptor and regulating gene expression in target cells. Its effects include promotion of phagocytosis, superoxide synthesis and bacterial killing, but it is also reported to inhibit T-cell proliferation and production of Th1-type cytokines(
Reference Lemire, Archer and Beck
74

–
Reference Tang, Zhou and Luger
84

) and of antibodies by B-cells(
Reference Lemire, Adams and Sakai
85

), highlighting the paradoxical nature of its effects. Effects on Th2-type responses are not clear(
Reference Boonstra, Barrat and Crain
86

–
Reference Pichler, Gerstmayr and Szépfalusi
88

) and there may be an increase in numbers of regulatory T-cells(
Reference Barrat, Cua and Boonstra
89

,
Reference Gregori, Giarratana and Smiroldo
90

). Overall, the current evidence suggests that vitamin D is a regulator of immune function but that its effects will depend upon the immunological situation (e.g. health, infectious disease and autoimmune disease).




 Vitamin E

 Vitamin E is the major lipid-soluble antioxidant in the body and is required for protection of membrane lipids from peroxidation. Free radicals and lipid peroxidation are immunosuppressive and hence vitamin E should act to maintain or even to enhance the immune response. There are a number of reviews of the role of vitamin E in the immune system and host susceptibility to infection(
Reference Meydani and Beharka
91

–
Reference Wu and Meydani
94

). In laboratory animals, vitamin E deficiency decreases lymphocyte proliferation, natural killer cell activity, specific antibody production following vaccination and phagocytosis by neutrophils(
Reference Meydani and Beharka
91

–
Reference Wu and Meydani
94

). Vitamin E deficiency also increases susceptibility of animals to infectious pathogens(
Reference Meydani and Beharka
91

). Vitamin E supplementation of the diet of laboratory animals enhances antibody production, lymphocyte proliferation, Th1-type cytokine production, natural killer cell activity and macrophage phagocytosis(
Reference Meydani and Beharka
91

–
Reference Wu and Meydani
94

). There is a positive association between plasma vitamin E and cell-mediated immune responses, and a negative association has been demonstrated between plasma vitamin E and the risk of infections in healthy older adults(
Reference Chavance, Herbeth and Fournier
95

). Vitamin E appears to be of benefit in the elderly(
Reference Meydani, Barklund and Liu
96

–
Reference Pallast, Schouten and de Waart
98

), with studies demonstrating enhanced Th1 cell-mediated immunity (lymphocyte proliferation and IL-2 production) and improved vaccination responses at fairly high intakes(
Reference Meydani, Barklund and Liu
96

,
Reference Meydani, Meydani and Blumberg
97

). Although some studies report that vitamin E decreases risk of upper respiratory tract infections in the elderly(
Reference Meydani, Leka and Fine
99

), other studies did not see an effect on the incidence, duration or severity of respiratory infections in elderly populations(
Reference Graat, Schouten and Kok
100

).




 Zinc

 Zn is important for DNA synthesis, in cellular growth and differentiation, and in antioxidant defence, all important to immune cell function. It is also a cofactor for many enzymes. There are a number of reviews of the role of Zn in the immune system and host susceptibility to infection(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Fraker, King, Garvy and Klurfield
101

–
Reference Fischer Walker and Black
105

). Zn deficiency has a marked impact on bone marrow, decreasing the number of precursors to immune cells(
Reference Fraker and King
106

). Zn deficiency impairs many aspects of innate immunity, including phagocytosis, natural killer cell activity and respiratory burst(
Reference Allen, Perri and McClain
107

–
Reference Kahmann, Uciechowski and Warmuth
111

). There are also marked effects of Zn deficiency on acquired immunity, with decreases in the circulating number and function of T-cells and an imbalance to favour Th2 cells(
Reference Prasad
112

,
Reference Beck, Prasad and Kaplan
113

). Moderate or mild Zn deficiency or experimental Zn deficiency in human subjects decreases natural killer cell activity, lymphocyte proliferation, IL-2 production and cell-mediated immune responses which can all be corrected by Zn repletion(
Reference Kahmann, Uciechowski and Warmuth
111

,
Reference Beck, Prasad and Kaplan
113

). In patients with Zn deficiency related to sickle-cell disease, natural killer cell activity is decreased, but Zn supplementation returns this to normal(
Reference Tapazoglou, Prasad and Hill
114

). The wide ranging impact of Zn deficiency on immune components is an important contributor to increased susceptibility to infection, especially lower respiratory tract infection and diarrhoea, seen in Zn deficiency(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Shankar and Prasad
102

–
Reference Fischer Walker and Black
105

). Correcting Zn deficiency lowers the likelihood of diarrhoea and of respiratory and skin infections, although some studies fail to show benefit of Zn supplementation in respiratory disease(
Reference Chandra
5

–
Reference Calder and Jackson
7

,
Reference Shankar and Prasad
102

–
Reference Fischer Walker and Black
105

).




 Iron

 There are a number of reviews of the role of Fe in the immune system and host susceptibility to infection(
Reference Sherman, Spear and Klurfeld
115

–
Reference Kumar and Choudhry
122

). Fe deficiency induces thymus atrophy and has multiple effects on immune function in human subjects(
Reference Sherman, Spear and Klurfeld
115

–
Reference Oppenheimer
118

). The effects are wide ranging and include impairment of respiratory burst and bacterial killing, T-cell proliferation and production of Th1 cytokines(
Reference Sherman, Spear and Klurfeld
115

–
Reference Oppenheimer
118

). However, the relationship between Fe deficiency and susceptibility to infection remains uncertain(
Reference Sherman, Spear and Klurfeld
115

–
Reference Kumar and Choudhry
122

). Indeed, there is evidence that infections caused by organisms that spend part of their life cycle intracellularly, such as plasmodia and mycobacteria, may actually be enhanced by Fe. In children in the tropics, Fe at doses above a particular threshold has been associated with increased risk of malaria and other infections, including pneumonia(
Reference Barry and Reeve
123

–
Reference Smith, Hendrickse and Harrison
126

). Thus, Fe intervention in malaria-endemic areas is not advised, particularly high doses in the young, those with compromised immunity (e.g. HIV infection) and during the peak malaria transmission season. Fe treatment for anaemia in a malarious area must be preceded by effective anti-malarial therapy and should be oral. There are different explanations for the detrimental effects of Fe administration on infections. First, Fe overload causes impairment of immune function(
Reference Sherman, Spear and Klurfeld
115

–
Reference Oppenheimer
118

). Second, excess Fe favours damaging inflammation. Third, micro-organisms require Fe and providing it may favour the growth of the pathogen. Perhaps, for the latter reasons, several mechanisms have developed for withholding Fe from a pathogen(
Reference Johnson, Sandgren and Cherayilm
127

). Oral Fe supplementation has not been shown to increase risk of infection in non-malarious countries(
Reference Oppenheimer
118

).




 Selenium

 Se is a cofactor for a number of enzymes including some involved in antioxidant defences such as glutathione peroxidase. Therefore, Se may protect against the immunosuppressive effects of oxidative stress, thus acting to enhance immune function. There are a number of reviews of the role of Se in the immune system and host susceptibility to infection(
Reference McKenzie, Rafferty and Beckett
128

–
Reference Beck, Handy and Levander
132

). Se deficiency in laboratory animals affects both innate and acquired immunity and increases susceptibility to infections. Lower Se concentrations in human subjects have also been linked with increased virulence(
Reference Beck and Levander
131

–
Reference Wang, Wang and Luo
133

), diminished natural killer cell activity(
Reference Wang, Wang and Luo
133

,
Reference Ravaglia, Forti and Maioli
134

) and increased mycobacterial disease(
Reference Shor-Posner, Miguez and Pineda
135

). Se supplementation has been shown to improve various aspects of immune function in human subjects(
Reference Roy, Kiremidjian-Schumacher and Wishe
136

–
Reference Kiremidjian-Schumacher, Roy and Wishe
138

), including in the elderly(
Reference Peretz, Nève and Desmedt
139

,
Reference Roy, Kiremidjian-Schumacher and Wishe
140

). Se supplementation in Western adults with low Se status improved some aspects of their immune response to a poliovirus vaccine(
Reference Broome, McArdle and Kyle
141

).






 Probiotics, prebiotics, immunity and infection

 Indigenous commensal bacteria within the gastrointestinal tract are believed to play a role in host immune defence by creating a barrier against colonisation by pathogens. Disease and the use of antibiotics can disrupt this barrier, creating an environment that favours the growth of pathogenic organisms. There is now evidence that providing exogenous, live, ‘desirable’ bacteria, termed probiotics, can contribute to maintenance of the host's gastrointestinal barrier. Probiotic organisms are found in fermented foods including traditionally cultured dairy products and some fermented milks and the most commonly used commercial organisms are lactobacilli and bifidobacteria. These organisms are able to colonise the gut temporarily, making their regular consumption necessary. In addition to creating a physical barrier, some of the products of the metabolism of probiotic bacteria, including lactic acid and antibiotic proteins, can directly inhibit the growth of pathogens(
Reference Thomas and Versalovic
142

). Probiotic bacteria also compete with some pathogenic bacteria for available nutrients. In addition, to these direct interactions between commensal and probiotic organisms on the one hand and pathogens on the other, commensal and probiotic organisms can interact with the host's gut epithelium and gut-associated immune tissues(
Reference Thomas and Versalovic
142

). These communications with the host may occur through chemicals released from the bacteria or through direct cell–cell contact(
Reference Thomas and Versalovic
142

) and it is through these interactions that probiotics are thought to be able to influence immune function, even at sites distant from the gut(
Reference Hemarajata and Versalovic
143

). Nevertheless, the precise nature of these interactions is not very well understood, although there is significant research activity in this area(
Reference Dong, Rowland and Yaqoob
144

). A large number of studies have examined the influence of various probiotic organisms, either alone or in combination, on immune function, infection and inflammatory conditions in human subjects(
Reference Lomax and Calder
145

). Certain probiotic organisms appear to enhance innate immunity (particularly phagocytosis and natural killer cell activity), but they seem to have a less pronounced effect on acquired immunity. A small number of studies show improved vaccination responses in individuals taking probiotics(
Reference Boge, Rémigy and Vaudaine
146

,
Reference Rizzardini, Eskesen and Calder
147

), as extensively reviewed recently(
Reference Maidens, Childs and Przemska
148

). Some studies in children report lower incidence and duration of diarrhoea with certain probiotics(
Reference Lomax and Calder
145

). In adults, some studies demonstrate a reduction in the risk of traveller's diarrhoea in subjects taking probiotics(
Reference Lomax and Calder
145

), while there is now quite good evidence that probiotics protect against antibiotic-associated diarrhoea(
Reference Hickson, D'Souza and Muthu
149

–
Reference Calder and Hall
153

). There are, however, considerable differences in the effects of different probiotic species and strains and effects observed with one type of probiotic cannot be extrapolated to another.

 Prebiotics are typically, though not exclusively, carbohydrates which are not digestible by mammalian enzymes but which are selectively fermented by gut microbiota, leading to increased numbers of beneficial bacteria within the gut. Prebiotics include inulin-type fructoligosaccharides, galactooligosaccharides and xylooligosaccharides. The bacteria promoted by prebiotics are often lactobacilli and bifidobacteria. Consequently, prebiotics have the potential to induce the same sorts of immune effects as seen with probiotics, acting through similar mechanisms, although there may also be direct communications between the prebiotics themselves and the host immune cells(
Reference Lomax and Calder
154

). There is some evidence for immunomodulatory effects of prebiotics, but many experiments conducted in human subjects are difficult to interpret because prebiotics and probiotics are often used in combination(
Reference Lomax and Calder
154

).




 Impact of infection on nutrient status

 Although a poor nutritional state impairs immunity and predisposes to infections, the immune response to an infection can itself impair nutritional status and alter body composition(
Reference Chandra
5

,
Reference Scrimshaw and SanGiovanni
6

). Thus, there is a bidirectional interaction between nutrition, infection and immunity (Fig. 2). Infection impairs nutritional status and body composition in the following ways (Fig. 3):

	
(1) Infection causes anorexia with reduced food intake ranging from as little as 5% to an almost complete loss of appetite. This can lead to nutrient deficiencies, even if the host is not deficient before the infection, and may make apparent existing borderline deficiencies.


	
(2) Infection can cause nutrient malabsorption and loss, especially infections that damage the intestinal wall or that cause diarrhoea or vomiting(
Reference Mitra, Akramuzzaman and Fuchs
155

).


	
(3) Infection increases resting energy expenditure, placing a demand on nutrient supply, particularly when coupled with anorexia, diarrhoea and other nutrient losses.


	
(4) Infection causes altered metabolism and redistribution of nutrients, including both macronutrients (e.g. amino acids) and micronutrients (e.g. vitamin A, Zn and Fe). A catabolic response occurs with all infections and brings about a redistribution of energy substrates for energy and biosynthesis away from skeletal muscle and adipose tissue towards the host immune system and its supporting tissues including the liver. As a result plasma concentrations of vitamin A, Zn and Fe, among others, decrease with infection.










Fig. 2. Schematic depiction of the interrelationship between undernutrition, impaired immunity and infection.










Fig. 3. Schematic depiction of the opposing effects of infection on nutrient availability and nutrient demand.




 Anorexia, increased energy expenditure and redistribution of nutrients are brought about by host factors (mainly inflammatory cytokines), while malabsorption and maldigestion are brought about by the pathogen. The result is that an increased nutrient requirement coincides with reduced nutrient intake, reduced nutrient absorption and nutrient losses (Fig. 3).




 Summary and conclusions

 A well functioning immune system is key to providing good defence against pathogenic organisms and to providing tolerance to non-threatening organisms, to food components and to self. The immune system works by providing an exclusion barrier, by identifying and eliminating pathogens and by identifying and tolerating non-threatening sources of antigens, and by maintaining a memory of immunological encounters. The immune system is complex involving many different cell types distributed throughout the body and many different chemical mediators some of which are involved directly in defence while others have a regulatory role. Babies are born with an immature immune system that fully develops in the first few years of life. This immune maturation requires the presence of specific immune factors and exposure to antigens from food and from micro-organisms. Immune competence can decline with ageing. This process is termed immunosenescence. The sub-optimal immune competence that occurs early and late in life increases susceptibility to infection. Undernutrition impairs immune defences at all stages of the life cycle, although infants and the elderly may be more vulnerable, making an individual more susceptible to infection. However, the immune response to an infection can itself impair nutritional status and alter body composition. Practically all forms of immunity are affected by protein–energy malnutrition, but non-specific defences and cell-mediated immunity are most severely affected. Micronutrient deficiencies impair immune function. The gut-associated lymphoid tissue is especially important in health and well-being because of its close proximity to a large and diverse population of organisms in the gastrointestinal tract and its exposure to food constituents. Probiotic bacteria which modify the gut microbiota may enhance immune function in human subjects lowering the risk of certain infections and improving the response to vaccination.
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View in content
 

 Fig. 1. (Colour online) Structure and organisation of the gut-associated lymphoid tissue. Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Immunol3, 331–341, copyright 2003. Antigen might enter through the microfold (M) cells (a), and after transfer to local dendritic cells (DC), might then be presented directly to T cells in the Peyer's patch (b). Alternatively, antigen or antigen-loaded DC from the Peyer's patch might gain access to draining lymph (c), with subsequent T-cell recognition in the mesenteric lymph nodes (d). A similar process of antigen or antigen-presenting cell dissemination to mesenteric lymph nodes might occur if antigen enters through the epithelium covering the lamina propria (e). In this case, there is also the possibility that enterocytes might act as local antigen presenting cells (f). In all cases, the antigen-responsive CD4+ T cells leave the mesenteric lymph nodes in the efferent lymph (g) and after entering the bloodstream through the thoracic duct, exit into the mucosa through vessels in the lamina propria. T cells which have recognised antigen first in the mesenteric lymph node might also disseminate from the bloodstream throughout the peripheral immune system. Antigen might also gain direct access to the bloodstream from the gut (h) and interact with T cells in peripheral lymphoid tissues (i). SED, subepithelial dome; TDA, thymus-dependent area.

 

 


View in content
 

 Fig. 2. Schematic depiction of the interrelationship between undernutrition, impaired immunity and infection.

 

 


View in content
 

 Fig. 3. Schematic depiction of the opposing effects of infection on nutrient availability and nutrient demand.

 

 

         



 
  
 
 



 You have 
Access
 
 	175
	Cited by


 

   




 Cited by

 
 Loading...


    


 













Cited by





	



175




	


















Crossref Citations










This article has been cited by the following publications. This list is generated based on data provided by
Crossref.









El-Abbadi, Naglaa Hani
Dao, Maria Carlota
and
Meydani, Simin Nikbin
2014.
Yogurt: role in healthy and active aging.
The American Journal of Clinical Nutrition,
Vol. 99,
Issue. 5,
p.
1263S.


	CrossRef
	Google Scholar






Camina Martín, M A
de Mateo Silleras, B
and
Redondo del Río, M P
2014.
Body composition analysis in older adults with dementia. Anthropometry and bioelectrical impedance analysis: a critical review.
European Journal of Clinical Nutrition,
Vol. 68,
Issue. 11,
p.
1228.


	CrossRef
	Google Scholar






Padonou, Géraud
Le Port, Agnès
Cottrell, Gilles
Guerra, José
Choudat, Isabelle
Rachas, Antoine
Bouscaillou, Julie
Massougbodji, Achille
Garcia, André
and
Martin-Prevel, Yves
2014.
Factors associated with growth patterns from birth to 18 months in a Beninese cohort of children.
Acta Tropica,
Vol. 135,
Issue. ,
p.
1.


	CrossRef
	Google Scholar






Moinard, Christophe
and
Aubel, Corinne
2014.
Jeûne et cancer, quelle relation ?.
Pratiques en nutrition,
Vol. 10,
Issue. 39,
p.
22.


	CrossRef
	Google Scholar






Sicotte, Maryline
Langlois, Étienne V
Aho, Joséphine
Ziegler, Daniela
and
Zunzunegui, Maria Victoria
2014.
Association between nutritional status and the immune response in HIV + patients under HAART: protocol for a systematic review.
Systematic Reviews,
Vol. 3,
Issue. 1,


	CrossRef
	Google Scholar






Li, Fei
Jin, Xingming
Liu, Bryan
Zhuang, Weihong
and
Scalabrin, Deolinda
2014.
Follow-up Formula Consumption in 3- to 4-Year-Olds and Respiratory Infections: An RCT.
Pediatrics,
Vol. 133,
Issue. 6,
p.
e1533.


	CrossRef
	Google Scholar






Monk, Jennifer
Turk, Harmony
Liddle, Danyelle
De Boer, Anna
Power, Krista
Ma, David
and
Robinson, Lindsay
2014.
n-3 Polyunsaturated Fatty Acids and Mechanisms to Mitigate Inflammatory Paracrine Signaling in Obesity-Associated Breast Cancer.
Nutrients,
Vol. 6,
Issue. 11,
p.
4760.


	CrossRef
	Google Scholar






Brito Díaz, Buenaventura
Marcelino Rodríguez, Itahisa
Almeida González, Delia
Rodríguez Pérez, María del Cristo
and
Cabrera de León, Antonio
2014.
An Overview of Leptin and the Th1/Th2 Balance.
Open Journal of Immunology,
Vol. 04,
Issue. 02,
p.
42.


	CrossRef
	Google Scholar






Ha, Christina Y.
and
Katz, Seymour
2014.
Clinical implications of ageing for the management of IBD.
Nature Reviews Gastroenterology & Hepatology,
Vol. 11,
Issue. 2,
p.
128.


	CrossRef
	Google Scholar






Mello, Alexandra Siqueira
de Oliveira, Dalila Cunha
Bizzarro, Bruna
Sá-Nunes, Anderson
Hastreiter, Araceli Aparecida
de Oliveira Beltran, Jackeline Soares
Xavier, José Guilherme
Borelli, Primavera
and
Fock, Ricardo Ambrósio
2014.
Protein Malnutrition Alters Spleen Cell Proliferation and IL-2 and IL-10 Production by Affecting the STAT-1 and STAT-3 Balance.
Inflammation,
Vol. 37,
Issue. 6,
p.
2125.


	CrossRef
	Google Scholar






Obi, Robert Kelechi
2015.
Health of HIV Infected People.
p.
483.


	CrossRef
	Google Scholar






Bajgar, Adam
Kucerova, Katerina
Jonatova, Lucie
Tomcala, Ales
Schneedorferova, Ivana
Okrouhlik, Jan
Dolezal, Tomas
and
Dionne, Marc S.
2015.
Extracellular Adenosine Mediates a Systemic Metabolic Switch during Immune Response.
PLOS Biology,
Vol. 13,
Issue. 4,
p.
e1002135.


	CrossRef
	Google Scholar






Larsen, Peter E.
and
Dai, Yang
2015.
Metabolome of human gut microbiome is predictive of host dysbiosis.
GigaScience,
Vol. 4,
Issue. 1,


	CrossRef
	Google Scholar






Shakeri-Leidenmühler, Soheila
Lukschal, Anna
Schultz, Cornelia
Bohdjalian, Arthur
Langer, Felix
Birsan, Tudor
Diesner, Susanne C.
Greisenegger, Elli K.
Scheiner, Otto
Kopp, Tamara
Jensen-Jarolim, Erika
Prager, Gerhard
and
Untersmayr, Eva
2015.
Surgical Elimination of the Gastric Digestion by Roux-en-Y Gastric Bypass Impacts on Food Sensitisation—a Pilot Study.
Obesity Surgery,
Vol. 25,
Issue. 12,
p.
2268.


	CrossRef
	Google Scholar






De Rosa, Veronica
Galgani, Mario
Santopaolo, Marianna
Colamatteo, Alessandra
Laccetti, Roberta
and
Matarese, Giuseppe
2015.
Nutritional control of immunity: Balancing the metabolic requirements with an appropriate immune function.
Seminars in Immunology,
Vol. 27,
Issue. 5,
p.
300.


	CrossRef
	Google Scholar






Sicotte, Maryline
Bemeur, Chantal
Diouf, Assane
Zunzunegui, Maria Victoria
and
Nguyen, Vinh-Kim
2015.
Nutritional status of HIV-infected patients during the first year HAART in two West African cohorts.
Journal of Health, Population and Nutrition,
Vol. 34,
Issue. 1,


	CrossRef
	Google Scholar






Brown, Eric M.
Wlodarska, Marta
Willing, Benjamin P.
Vonaesch, Pascale
Han, Jun
Reynolds, Lisa A.
Arrieta, Marie-Claire
Uhrig, Marco
Scholz, Roland
Partida, Oswaldo
Borchers, Christoph H.
Sansonetti, Philippe J.
and
Finlay, B. Brett
2015.
Diet and specific microbial exposure trigger features of environmental enteropathy in a novel murine model.
Nature Communications,
Vol. 6,
Issue. 1,


	CrossRef
	Google Scholar






Bhargava, Alok
2016.
Protein and Micronutrient Intakes Are Associated with Child Growth and Morbidity from Infancy to Adulthood in the Philippines.
The Journal of Nutrition,
Vol. 146,
Issue. 1,
p.
133.


	CrossRef
	Google Scholar






Gibson‐Corley, Katherine N
Meyerholz, David K
and
Engelhardt, John F
2016.
Pancreatic pathophysiology in cystic fibrosis.
The Journal of Pathology,
Vol. 238,
Issue. 2,
p.
311.


	CrossRef
	Google Scholar






Oliveira, Dalila Cunha de
Hastreiter, Araceli Aparecida
Borelli, Primavera
and
Fock, Ricardo Ambrósio
2016.
The influence of protein malnutrition on the production of GM-CSF and M-CSF by macrophages.
Brazilian Journal of Pharmaceutical Sciences,
Vol. 52,
Issue. 3,
p.
375.


	CrossRef
	Google Scholar





Download full list
















Google Scholar Citations

View all Google Scholar citations
for this article.














 

×






	Librarians
	Authors
	Publishing partners
	Agents
	Corporates








	

Additional Information











	Accessibility
	Our blog
	News
	Contact and help
	Cambridge Core legal notices
	Feedback
	Sitemap



Select your country preference




Afghanistan
Aland Islands
Albania
Algeria
American Samoa
Andorra
Angola
Anguilla
Antarctica
Antigua and Barbuda
Argentina
Armenia
Aruba
Australia
Austria
Azerbaijan
Bahamas
Bahrain
Bangladesh
Barbados
Belarus
Belgium
Belize
Benin
Bermuda
Bhutan
Bolivia
Bosnia and Herzegovina
Botswana
Bouvet Island
Brazil
British Indian Ocean Territory
Brunei Darussalam
Bulgaria
Burkina Faso
Burundi
Cambodia
Cameroon
Canada
Cape Verde
Cayman Islands
Central African Republic
Chad
Channel Islands, Isle of Man
Chile
China
Christmas Island
Cocos (Keeling) Islands
Colombia
Comoros
Congo
Congo, The Democratic Republic of the
Cook Islands
Costa Rica
Cote D'Ivoire
Croatia
Cuba
Cyprus
Czech Republic
Denmark
Djibouti
Dominica
Dominican Republic
East Timor
Ecuador
Egypt
El Salvador
Equatorial Guinea
Eritrea
Estonia
Ethiopia
Falkland Islands (Malvinas)
Faroe Islands
Fiji
Finland
France
French Guiana
French Polynesia
French Southern Territories
Gabon
Gambia
Georgia
Germany
Ghana
Gibraltar
Greece
Greenland
Grenada
Guadeloupe
Guam
Guatemala
Guernsey
Guinea
Guinea-bissau
Guyana
Haiti
Heard and Mc Donald Islands
Honduras
Hong Kong
Hungary
Iceland
India
Indonesia
Iran, Islamic Republic of
Iraq
Ireland
Israel
Italy
Jamaica
Japan
Jersey
Jordan
Kazakhstan
Kenya
Kiribati
Korea, Democratic People's Republic of
Korea, Republic of
Kuwait
Kyrgyzstan
Lao People's Democratic Republic
Latvia
Lebanon
Lesotho
Liberia
Libyan Arab Jamahiriya
Liechtenstein
Lithuania
Luxembourg
Macau
Macedonia
Madagascar
Malawi
Malaysia
Maldives
Mali
Malta
Marshall Islands
Martinique
Mauritania
Mauritius
Mayotte
Mexico
Micronesia, Federated States of
Moldova, Republic of
Monaco
Mongolia
Montenegro
Montserrat
Morocco
Mozambique
Myanmar
Namibia
Nauru
Nepal
Netherlands
Netherlands Antilles
New Caledonia
New Zealand
Nicaragua
Niger
Nigeria
Niue
Norfolk Island
Northern Mariana Islands
Norway
Oman
Pakistan
Palau
Palestinian Territory, Occupied
Panama
Papua New Guinea
Paraguay
Peru
Philippines
Pitcairn
Poland
Portugal
Puerto Rico
Qatar
Reunion
Romania
Russian Federation
Rwanda
Saint Kitts and Nevis
Saint Lucia
Saint Vincent and the Grenadines
Samoa
San Marino
Sao Tome and Principe
Saudi Arabia
Senegal
Serbia
Seychelles
Sierra Leone
Singapore
Slovakia
Slovenia
Solomon Islands
Somalia
South Africa
South Georgia and the South Sandwich Islands
Spain
Sri Lanka
St. Helena
St. Pierre and Miquelon
Sudan
Suriname
Svalbard and Jan Mayen Islands
Swaziland
Sweden
Switzerland
Syrian Arab Republic
Taiwan
Tajikistan
Tanzania, United Republic of
Thailand
Togo
Tokelau
Tonga
Trinidad and Tobago
Tunisia
Turkey
Turkmenistan
Turks and Caicos Islands
Tuvalu
Uganda
Ukraine
United Arab Emirates
United Kingdom
United States
United States Minor Outlying Islands
United States Virgin Islands
Uruguay
Uzbekistan
Vanuatu
Vatican City
Venezuela
Vietnam
Virgin Islands (British)
Wallis and Futuna Islands
Western Sahara
Yemen
Zambia
Zimbabwe









Join us online

	









	









	









	









	


























	

Legal Information










	









	Rights & Permissions
	Copyright
	Privacy Notice
	Terms of use
	Cookies Policy
	
© Cambridge University Press 2024

	Back to top













	
© Cambridge University Press 2024

	Back to top












































Cancel

Confirm





×





















Save article to Kindle






To save this article to your Kindle, first ensure coreplatform@cambridge.org is added to your Approved Personal Document E-mail List under your Personal Document Settings on the Manage Your Content and Devices page of your Amazon account. Then enter the ‘name’ part of your Kindle email address below.
Find out more about saving to your Kindle.



Note you can select to save to either the @free.kindle.com or @kindle.com variations. ‘@free.kindle.com’ emails are free but can only be saved to your device when it is connected to wi-fi. ‘@kindle.com’ emails can be delivered even when you are not connected to wi-fi, but note that service fees apply.



Find out more about the Kindle Personal Document Service.








Feeding the immune system








	Volume 72, Issue 3
	
Philip C. Calder (a1)

	DOI: https://doi.org/10.1017/S0029665113001286





 








Your Kindle email address




Please provide your Kindle email.



@free.kindle.com
@kindle.com (service fees apply)









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Dropbox







To save this article to your Dropbox account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Dropbox account.
Find out more about saving content to Dropbox.

 





Feeding the immune system








	Volume 72, Issue 3
	
Philip C. Calder (a1)

	DOI: https://doi.org/10.1017/S0029665113001286





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Google Drive







To save this article to your Google Drive account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Google Drive account.
Find out more about saving content to Google Drive.

 





Feeding the immune system








	Volume 72, Issue 3
	
Philip C. Calder (a1)

	DOI: https://doi.org/10.1017/S0029665113001286





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×



×



Reply to:

Submit a response













Title *

Please enter a title for your response.







Contents *


Contents help










Close Contents help









 



- No HTML tags allowed
- Web page URLs will display as text only
- Lines and paragraphs break automatically
- Attachments, images or tables are not permitted




Please enter your response.









Your details









First name *

Please enter your first name.




Last name *

Please enter your last name.




Email *


Email help










Close Email help









 



Your email address will be used in order to notify you when your comment has been reviewed by the moderator and in case the author(s) of the article or the moderator need to contact you directly.




Please enter a valid email address.






Occupation

Please enter your occupation.




Affiliation

Please enter any affiliation.















You have entered the maximum number of contributors






Conflicting interests








Do you have any conflicting interests? *

Conflicting interests help











Close Conflicting interests help









 



Please list any fees and grants from, employment by, consultancy for, shared ownership in or any close relationship with, at any time over the preceding 36 months, any organisation whose interests may be affected by the publication of the response. Please also list any non-financial associations or interests (personal, professional, political, institutional, religious or other) that a reasonable reader would want to know about in relation to the submitted work. This pertains to all the authors of the piece, their spouses or partners.





 Yes


 No




More information *

Please enter details of the conflict of interest or select 'No'.









  Please tick the box to confirm you agree to our Terms of use. *


Please accept terms of use.









  Please tick the box to confirm you agree that your name, comment and conflicts of interest (if accepted) will be visible on the website and your comment may be printed in the journal at the Editor’s discretion. *


Please confirm you agree that your details will be displayed.


















